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ABSTRACT 
Chloroplast division involves the coordinated action of multiple proteins that regulate the 
assembly, positioning and contraction of a stromal Z-ring, inner- & outer-plastid division rings, 
and a dynamin-related division ring. Different division ring abnormalities result in different 
chloroplast morphologies that can be detrimental to the plant. Until recently, studies have 
primarily focused on single chloroplast morphology, the macro chloroplast, to investigate plant 
developmental abnormalities observed with chloroplast morphology changes. This phenotype 
appears to have little effect on plant development, despite significantly decreasing the number 
of chloroplast-per-cell. However, there are a variety of other chloroplast morphologies that are a 
result of abnormal plastid division, including mini chloroplast morphologies that are more 
associated with detrimental plant phenotypes. Little is known about how chloroplast morphology 
and changes in chloroplast number affects plant developmental processes. 
To investigate how changes in chloroplast morphology and size effect plant developmental 
processes, a variety of aberrant chloroplast morphologies were generated in transgenic plants 
using one of two division gene sequences: ftsZ (EU684588) and minD (EU684589). Plants with 
changes in chloroplasts were generated in the model plant species, Nicotiana tabacum, and an 
important commercial cultivar, Brassica oleracea var. botrytis. Investigations found that when 
plastid division was altered via additional copies of the minD transgene, the generation of macro 
chloroplasts it did not inhibit cellular expansion but did stunt overall plant growth. These 
chloroplast morphologies conferred honeycomb-shaped thylakoid grana, resembling low-light 
adapted structures. By contrast, macro chloroplasts that were generated from ftsZ 
overexpression, did not stunt plant growth, but did show novel hexagon branching of the 
thylakoid membranes, which resembled pro-thylakoid structures commonly found in etioplasts. 
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In N. tabacum in which the chloroplast size decreased, because of the formation of mini 
chloroplasts, plant growth was stunted and eventually terminal for the altered plants. The cause 
was further characterised at a proteomic-level and was tentatively linked to a series of J-domain-
related peptides associated with division proteins but appeared to be predominately related to 
stress proteins and auxin-deficient signal pathways. In addition, terminal plants with mini 
chloroplast morphologies had a decrease in chloroplast gene expression, specifically 
photosynthetic-related and polymerase subunit genes, and this may in turn have contributed to 
activation of senescence pathways and inhibited other cellular processes in the altered plants.  
To compare the changes in chloroplast morphology observed in N. tabacum, the expression of 
the minD (EU684589) division gene was examined in B. oleracea var. botrytis. Regenerated plants 
overexpressed minD, resulting in macro chloroplasts that did not negatively affect plant growth, 
in contrast to the N. tabacum observations. Transcription of the minD gene was initiated by a 
novel and native rbcS promoter isolated from B. oleracea var. botrytis, which may have 
contributed to a beneficial, but dose-dependent expression of the minD gene for macro 
chloroplasts. In addition, this section of the research developed a new and efficient regeneration 
protocol for B. oleracea var. botrytis via somatic embryogenesis.
 1 | P a g e  
 
CHAPTER 1  
PLASTIDS, PLASTID DIVISION AND 
MEMBRANE-ASSOCIATED INTERACTIONS 
1.1 Introduction to plastids 
The term ‘plastid’ arose from the 19th century observations of ‘first-order structures’ in barley 
(Delfosse, Wozny et al. 2018). Later, Schimper (1882) redefined the term to include organelles 
found in plant and algal cells, referring to structures reminiscent of cyanobacteria (Delfosse, 
Wozny et al. 2018).  
In plants, plastids perform a range of functions, of which the most familiar is photosynthesis, 
carried out in chloroplasts.  Aside photosynthesis, plastids have adopted diverse roles, dependent 
upon their location within specialised tissue types, examples include: undifferentiated totipotent 
proplastids found within cambia or meristem regions, chromoplasts that accumulate pigments in 
petals and fruits, amyloplasts that store starch in parenchyma cells, etioplasts that differentiate 
to chloroplast when exposed to light and chloroplasts that degrade to gerontoplasts during 
senescence (Solymosi and Keresztes 2012, Pinard and Mizrachi 2018).  
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There has been considerable debate on how plastids dedifferentiate and differentiate into other 
plastids (Solymosi and Keresztes 2012). These diverse roles are often highlighted by ultra-
structural features or obvious primary biological functions, such as photosynthesis. Currently, 
plastid archetypes include: chloroplast, chromoplast, desiccoplast, etioplast, gerontoplast 
proplastid, tannosome-forming plastid and leucoplasts (amyloplast, elaioplast, phenyloplast, 
proteinoplast, and secretory plastid) (Pinard and Mizrachi 2018). In addition to these types, a new 
plastid, xyloplasts, has been proposed (Pinard and Mizrachi 2018), which may contribute to 
monolignol synthesis during xylogenesis, suggesting plastids also have specialised roles in vascular 
tissue or secondary growth (Pinard and Mizrachi 2018). 
1.1.1 Proplastids 
Plastids share a number of similar characteristics; a double membrane envelope, amorphous 
stroma, vesicles or internal membranes (Solymosi and Keresztes 2012) and all arise from a non-
photosynthetic founder plastid, the proplastid. In addition, plastid shape and size varies, 
subsequently as complex membranes arise after differentiation, i.e. thylakoids (Kobayashi and 
Wada 2016). Proplastids typically are ≤1 µm in diameter, spherical and can be classified into two 
types: germinal and nodular (Solymosi and Keresztes 2012). However, despite both being simple 
and undifferentiated organelles, germinal proplastids are found in plant embryos and meristems, 
and nodular proplastids are found in root tips. As such, upon differentiation nodular proplastids 
produce nitrogen fixing plastids, compared to the range of plastid types mentioned earlier that 
arise from germinal proplastids. Consequently, these proplastids should be considered as 
separate plastid types rather than proplastid archetypes. 
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1.1.2 Proplastid to etioplast differentiation 
Low light or darkness, triggers differentiation of proplastids to etioplasts, and subsequently, the 
development of pro-lamellar bodies; lipid paracrystalline tubules with increased levels of NADPH, 
protochlorophyllide (the precursor to chlorophyll α), arranged into tetra- or hexahedral structures 
(Solymosi and Schoefs 2010, Møller, Maple et al. 2014, Rocha, Nitenberg et al. 2018). Etioplasts 
are a transitional state of plastid development, under dark or low light conditions; they enable 
plant maturation to continue until photomorphogenesis is possible, where chloroplasts are first 
observed, and the maturation of the photosynthetic apparatus occurs. This phenomena is 
observed in Brassicaceae, where etiolation of the inner inflorescence occurs parallel with direct 
differentiation of proplastids to chloroplasts in the outer layers (Solymosi, Martinez et al. 2004).  
Despite a clear understanding of etioplast differentiation (Solymosi and Schoefs 2010, Solymosi 
and Aronsson 2013, Pribil, Labs et al. 2014, Rast, Heinz et al. 2015, Rocha, Nitenberg et al. 2018), 
there is no single theory as to how etioplast pro-lamellar bodies divide, nor the signal processes 
involved during etioplast to chloroplast differentiation, or how this transition affects chloroplast 
or thylakoid division. It is clear that etioplasts pro-lamellar bodies and the inner membranes both 
contain a high content of galactolipids; these are required for the synthesis of chloroplast 
thylakoids and other membrane. For example, monogalactosyldiaclyglycerol (MGDG) and 
digalactosyldiacylglycerol (DGDG) represent 80% of total lipid content in chloroplasts (Rocha, 
Nitenberg et al. 2018). However, the ratio of these lipids changes during differentiation of pro-
lamellar bodies to prothyalkoids (Solymosi and Aronsson 2013). Importantly, these lipids are 
essential for the light-dependent conversion of precursor thylakoid membranes, and regulate 
plasticity of plastid membranes, particularly during expansion and division (Pribil, Labs et al. 
2014). 
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It would be valuable to investigate etioplasts further, as they provide a simpler model of internal 
membrane structure compared to the complex arrangement of internal chloroplast membranes. 
For example, etioplasts require less of the plastid division components, specifically only the 
anchor proteins in the inner envelope membrane for division to occur (Wang, Zhang et al. 2013). 
In addition, absence of the stromal division proteins inhibits synthesis of the pro-lamellar bodies, 
suggesting that internal membranes may also require division proteins, not described in 
chloroplasts. Similar division protein actions are also observed in proplastids (Marrison, 
Rutherford et al. 1999). Therefore, etioplasts may serve as a useful model for observations into 
chloroplast development, thylakoid biogenesis and membrane plasticity.  
1.2 Chloroplast differentiation 
Chloroplasts arise from two distinct pathways, respective of light availability; either directly from 
proplastids, in response to light stimuli (Møller, Maple et al. 2014), a process known as 
photomorphogenesis, or indirectly following etioplast differentiation in the dark, a processes 
referred to as skotomorphogenesis (Møller, Maple et al. 2014). Additionally, chloroplasts may 
arise from other plastid types such as, chromoplasts (carotenoids) and amyloplasts (starch 
storage), following dedifferentiation and re-differentiation (Solymosi and Keresztes 2012). 
However, the formation of the thylakoid membranes that develops from pro-lamellar bodies 
requires the presence of light. 
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1.2.1 Thylakoid membrane plasticity and membrane fission  
The fundamental attributes of the thylakoid membranes are well understood (Pribil, Labs et al. 
2014, Rast, Heinz et al. 2015, Koochak, Li et al. 2017), however, the plasticity, separation and 
formation of these membranes during chloroplast division is less clear.  
Thylakoid membranes are structurally dynamic, due to proteins such as curvature protein 1 
(CURT1) that confer grana curvature via marginal influences (Armbruster, Labs et al. 2013, Pribil, 
Labs et al. 2014). Interestingly, CURT1 does not appear to interact with any structural components 
of the chloroplast inner envelope membrane, despite protein and lipid similarities between the 
inner envelope and thylakoid membranes. Furthermore, CURT1 is not present in cyanobacteria 
that share similar characteristics with chloroplast membranes (Luque and Ochoa de Alda 2014). 
By contrast, cyanobacteria contain an abundance of phycobilisomes; thylakoid membrane-bound 
proteins responsible for light absorption, and may indirectly restrict CURT1 ortholog activity and 
consequently, thylakoid membrane plasticity (Luque and Ochoa de Alda 2014). Plant thylakoid 
membranes lack phycobilisomes and instead increase grana surface area by stacking (Pribil, Labs 
et al. 2014), via expression of CURT1. However, the exact mechanics and protein interplay 
involved during these processes are still being unravelled (Pribil, Labs et al. 2014, Koochak, Li et 
al. 2017). 
Membrane-remodelling by CURT1 may be important during the timing of plastid division. Division 
mutations in non-green plastids have less grana stacking than wild type (Wang, Zhang et al. 2013), 
suggesting division proteins may affect CURT1 or thylakoid membrane curvature differently. On 
the other hand, expression of filamentous temperature sensitive Z protein 1 (FTSZ1) (discussed in 
detail later), in immature chloroplasts, increases grana stacking (El-Kafafi, Karamoko et al. 2008). 
FTSZ1 is developmentally regulated and levels are correlated with thylakoid membranes during 
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early chloroplast development, although the specific function of FTSZ1 here is not fully 
understood. However, both examples imply possible interactions between the thylakoid and the 
inner envelope membrane, which may involve CURT1. 
Similar to CURT1, the presence of dynamin-like orthologs during chloroplast division may also 
regulate membrane-remodelling or fission of the thylakoid membranes (Jilly, Khan et al. 2018). 
FZL, an FZO-like protein (dynamin-related membrane-remodelling protein) in Arabidopsis is a 
unique dynamin-related protein localised on the stromal side of the inner envelope membrane 
and thylakoid membranes (Gao, Sage et al. 2006, Jilly, Khan et al. 2018).  Unlike CURT1, FZL 
appears to also mediate inner envelope membrane remodelling (Gao, Sage et al. 2006), conferring 
similar chloroplast morphologies to ftsZ or minD mutations (Chikkala, Nugent et al. 2012). Both 
CURT1 and FZL proteins determine membrane morphology, although these roles are tentatively 
independent of plastid division. 
1.3 Chloroplast division  
1.3.1 Division components and constrictive-associated proteins 
Dumbbell-shaped chloroplasts provided first evidence for chloroplast division in spinach 
(Possingham and Saurer 1969). Progressive research using tobacco and sesame, established 
division occurs in four distinct stages; plastid elongation, constriction, isthmus formation/ 
thylakoid separation and lastly plastid separation /envelopment (Aldridge, Maple et al. 2005). 
These processes involve a variety of division-dependent proteins, listed in Table 1. 
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Table 1: Main proteins involved in plastid division and their localisation to the inner or outer chloroplast membranes.  
PROTEIN,  
Gene 
Localisation Evolutionary origin 
Interactions and proposed 
function 
References 
PDV1, 
pdv1 
Cytosolic  
Outer envelope membrane 
Eukaryotic 
DRP5B independent of PDV2, 
also PARC6 on the inner 
membrane. 
Recruits dynamin proteins to 
division site and regulates 
division rate. 
(Miyagishima, Froehlich et al. 
2006) 
(Okazaki, Kabeya et al. 2009) 
PDV2, 
pdv2 
Cytosolic 
Outer envelope membrane 
Eukaryotic 
DRP5B independent of PDV1, 
also ARC6 on the inner 
membrane. 
Recruits dynamin proteins to 
division site and regulates 
division rate >PDV1. 
(Miyagishima, Froehlich et al. 
2006) 
(Okazaki, Kabeya et al. 2009) 
ARC5/ DRP5B, 
arc5 
Cytosolic 
Outer envelope membrane 
Eukaryotic 
Interacts with PDV1 and PDV2. 
Primary torsion during 
chloroplast constriction 
(Holtsmark, Lee et al. 2013) 
PDR1, 
pdr1 
Cytosolic 
Outer envelope membrane 
Eukaryotic 
PDV1 & 2, and ARC5. 
Synthesises outer PD-ring in C. 
merolae and in plants. 
(Yoshida, Kuroiwa et al. 2010) 
FTSZ1 and FTSZ2, 
FtsZ1-1 
FtsZ2-1 
Stromal 
Inner envelope membrane 
Cyanobacteria 
MINE, MIND, PARC6, ARC6 and 
ARC3. 
Co-assembles to form a 
heteropolymer Z-ring, 
constricting the inner envelope 
membrane. 
(Osteryoung, Stokes et al. 
1998) 
(TerBush, Yoshida et al. 2013) 
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PROTEIN,  
Gene 
Localisation Evolutionary origin 
Interactions and proposed 
function 
References 
FTSZ1 interaction with ARC3 and 
PARC6 (anchor), whilst providing 
primary turnover of Z-ring. 
FTZ2 interaction with ARC6 
(anchor) and provides stability of 
the Z-ring. 
MIND/ MinD1/ AtMinD1 
(ARC11), 
AtMinD1, minD 
Stromal 
Inner envelope membrane 
Cyanobacteria 
MINE, ARC3 and MCD1. 
Regulates Z-ring positioning 
through inhibition at non-division 
sites. 
(Colletti, Tattersall et al. 
2000) 
(Nakanishi, Suzuki et al. 2009) 
MINE/ MinE1/ AtMinE1 
(ARC12), 
AtMinE1, mine 
Stromal 
Inner envelope membrane 
Cyanobacteria 
MIND and ARC3. 
Topological factor, part of the 
MIN system suppressing ARC3 
and positioning of Z-ring through 
interaction with MIND. 
(Maple, Chua et al. 2002) 
(Fujiwara, Hashimoto et al. 
2008) 
(Zhang, Schmitz et al. 2013) 
MCD1/ MinCD, 
mcd1 
 
Stromal 
Inner envelope membrane 
Eukaryotic 
MIND. 
Localises to the inner envelope 
membrane and directly interacts 
with MIND. 
(Nakanishi, Suzuki et al. 2009) 
ARC3, 
arc3 
Stromal 
Inner envelope membrane 
Eukaryotic 
FTZ1 and PARC6, MINE and 
MIND. 
Plant analog to MINC (found in E. 
coli), antagonist to Z-ring 
assembly at non-division sites 
through direct interaction with 
(Maple, Vojta et al. 2007) 
(Zhang, Schmitz et al. 2013) 
(Johnson, Shaik et al. 2015) 
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PROTEIN,  
Gene 
Localisation Evolutionary origin 
Interactions and proposed 
function 
References 
FTSZ1 (may interact with FTSZ2). 
Promotes FTSZ1 turnover. 
ARC6, 
arc6 
Stromal 
Inner envelope membrane 
Cyanobacteria 
FTSZ2 and PDV2. 
Stabilises Z-ring assembly to the 
inner envelope membrane and 
recruits PDV2 at the division site 
in the outer envelope membrane. 
(Vitha, Froehlich et al. 2003) 
(Glynn, Froehlich et al. 2008) 
PARC6/ CDP1, 
PARC6, cdp1 
Stromal 
Inner envelope membrane 
Eukaryotic 
ARC3/ FTSZ1 and PDV1. 
Inhibits assembly of Z-ring 
through interaction with ARC3/ 
FTSZ1 and recruits PDV1 to the 
outer envelope membrane 
division site. 
 
(Zhang, Chen et al. 2016) 
(Zhang, Hu et al. 2009) 
GC1/ AtSulA, 
gc1/ AtSulA 
Stromal 
Inner envelope membrane 
Cyanobacteria 
No clear interactions with other 
PD proteins. Interacts with the 
inner envelope membrane and 
some positive/ negative influence 
on early division. 
(Maple, Fujiwara et al. 2004) 
(Raynaud, Cassier-Chauvat et 
al. 2004) 
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Chloroplast division involves the formation of multiple rings, which coordinate to pinch the inner 
and outer envelope membranes. Firstly, the inner Z-ring or FTSZ-ring, is assembled on the stromal 
surface of the inner envelope membrane and provides mid-torsion during plastid division 
(TerBush, Yoshida et al. 2013). Two functional orthologs, FTSZ1 and FTSZ2, which are homologous 
to bacterial FTSZ, comprise the Z-ring (Figure 1). Recruitment and assembly of the Z-ring is 
mediated by ARC6 that tethers FTSZ2 to the inner envelope membrane, and is homologous to 
bacterial division factor FTN2 (Jarvis and Lopez-Juez 2013, TerBush, Yoshida et al. 2013). 
Alignment at the mid-point of the organelle is further balanced by the oscillation of the Minicell 
System (see 1.3.7), via dynamic interactions between MIND, MINE and ARC3 with MCD1. The 
recruitment of the cytosolic plastid division proteins is relayed from topological interactions via 
the inter-membrane space between PARC6 and ARC6 with PDV1 and PDV2 (Jarvis and Lopez-Juez 
2013). PDV1 and 2 recruit ARC5 (via the transferase glucosyl transferase, PDR1), a dynamin-
related protein responsible for the remodelling and constriction of the outer PD-ring 
(Miyagishima, Froehlich et al. 2006), however, the contractile processes have only been theorised; 
new insights suggest that the circular-twisted coils of the PD filaments generate the outer torsion, 
separating the chloroplast (Yoshida 2018) 
The outer and inner PD rings, along with inner Z-ring, twist and constricts the chloroplast 
membranes via trans-membrane interactions, although each ring generates different forces. In 
addition, no change is observed in the inner PD-ring composition over time, however, there are 
incremental changes in the outer PD-ring (Yoshida 2018). These changes may be associated with 
the recruitment of PDR1 proteins (Yoshida, Kuroiwa et al. 2010), forming filaments that slide over 
each other in an ARC5-dependent manner generating a constrictive force, unlike the remodelling 
of the other rings (Jarvis and Lopez-Juez 2013). This torsion-like action, dependent on the dynamin 
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proteins, is most likely driven solely by ARC5 (later named DRP5B), or involves other undescribed 
dynamin-related proteins (Praefcke and McMahon 2004).   
Two members of a transcription factor family, CPD25 and CPD45 may regulate plastid division in 
a DRP5B-dependent manner (Gao, Liu et al. 2013). Mutations in either gene, cpd25 or cpd45 in A. 
thaliana, generate similar morphologies to arc5 mutations (Gao, Liu et al. 2013). Both CPD25 and 
CPD45 bind to a promoter motif found in arc5, however only CPD45 activates gene expression of 
arc5, although CPD25 has a stronger affinity to the arc5 motif than CPD45 (Gao, Liu et al. 2013). 
Interestingly, aberrant division can be rescued via arc5 overexpression and as such, CPD25 and 
CPD45 are suggested to form a heterodimer that binds securely to the promoter motif of arc5 
(Gao, Liu et al. 2013). The dynamin-related proteins form a superfamily, probably associated with 
a complex of other proteins or factors during GTPase-dependent division of chloroplast 
membranes (Gao, Kadirjan-Kalbach et al. 2003, Aung and Hu 2012, Ferguson and De Camilli 2012, 
Jilly, Khan et al. 2018).
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Figure 1: Illustration of the early stages of plastid division in plants. FTSZ1 and FTSZ2 monomers form hetero-oligomers that are 
positioned to the mid-point of the organelle via negative interactions with MIN associated proteins. MCD1 associates with the inner 
envelope membrane and binds with MIND, tethering MINE, which associates to MIND, forming the division-inhibitory complex 
(Nakanishi, Suzuki et al. 2009, Chen, Sun et al. 2018). The division-inhibitory complex functions by tethering ARC3, which interacts with 
both MIND and MINE, inhibiting ARC3-FTSZ binding (Zhang, Schmitz et al. 2013). The Z-ring heteropolymer is tethered to the inner 
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envelope membrane via interactions between PARC6 and FTSZ1, and ARC6 with FTSZ2 (Wang, Li et al. 2017, Sung, Shaik et al. 2018). 
The FTSZ2 (C-domain) stabilises the heteropolymer via ARC6. Lastly, ARC3 localised at the division site regulates Z-ring turnover via 
FTSZ1 MORN interactions, generating torsion forces of the division ring (Chen, MacCready et al. 2018, Yoshida 2018).
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1.4 Stromal division proteins that regulate the inner Z-ring 
Assembly of the inner division ring occurs independently of the PD-rings, is involved in early 
plastid division and preferentially decreases function during later plant growth. In addition, an 
abundance of Z-ring-associated proteins are homologous with cyanobacteria division-associated 
proteins. As such, many models for the interactions involved in formation of the Z-ring are 
continually revised (Figure 1) according to recent advancements (Yoshida, Miyagishima et al. 
2012, Basak and Moller 2013, Maple-Grødem and Raynaud 2014, Chen, MacCready et al. 2018, 
Yoshida 2018). However, how specific stromal proteins are involved in these processes, such as, 
ARC3 or how the FTZ filaments interact with other stromal proteins and the thylakoid membranes 
during division remains unclear. 
1.4.1 FTSZ proteins and associated membrane interactions  
There are currently two families of FTSZ proteins that are plastid-localised (TerBush, Yoshida et 
al. 2013), however, transit peptide length, GTP-binding domain, C- & N-terminal domains, and the 
C-terminal region vary between the families (TerBush, Yoshida et al. 2013). These are evident 
changes that evolved to control the division of the additional membranes in plant cells, as distinct 
from their cyanobacteria ancestry. Plant FTSZ1 proteins from A. thaliana, show the evolutionary 
changes of the these proteins from an ancestral bacterial FTSZ  (Osteryoung, Stokes et al. 1998). 
In plants, multiple orthologs of FTSZ proteins may exist that function differently compared to 
bacterial FTSZ. In plants, a second ortholog FTSZ2, mediates Z-ring association with the inner 
envelope membrane, while FTSZ1 exhibits a higher rate of GTP hydrolysis, resulting in a higher 
turnover rate of FTSZ1, and consequently constriction of the Z-ring (TerBush and Osteryoung 
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2012). Together, FTSZ1 & 2 proteins localise in the stroma, initially polymerising as hetero-dimers 
and sequentially as heteropolymers, during the preliminary stages of chloroplast division (Figure 
1) (TerBush and Osteryoung 2012). The formation of the Z-ring is dose-dependent and subject to 
stoichiometric balance that ultimately influences filament formation and assembly (TerBush, 
Yoshida et al. 2013). A constant ratio of 1:2, FtsZ1: FtsZ2 must be maintained for chloroplast 
division to occur in whole leaves during early development (TerBush, Yoshida et al. 2013). 
However,  during chloroplast division, the ratio of these proteins is not as clearly understood as 
the ratio pre-division, as the turnover rate of each monomer drastically changes during 
chloroplast division (Maple, Vojta et al. 2007). Experiments examining ftsZ1 null mutants in A. 
thaliana, have demonstrated that FTSZ2 proteins are capable of self-assembly and can partly drive 
chloroplast division, ultimately adding to the confusion of the required ratio of each protein 
(TerBush and Osteryoung 2012). Importantly, both proteins are required for normal Z-ring 
assembly and are not functionally interchangeable (Schmitz, Glynn et al. 2009).  
During chloroplast division the involvement of FTSZ proteins in thylakoid separation are unclear, 
however, there are examples of FTSZ—coupling with the thylakoid membranes (El-Kafafi, 
Karamoko et al. 2008, Karamoko, El-Kafafi et al. 2011). During early stages of chloroplast division 
(<4 weeks) in A. thaliana (El-Kafafi, Karamoko et al. 2008), FTSZ1 proteins were observed 
connected to the thylakoid membranes, which were consequently thinner, lacked grana and 
similar to morphologies generated as curt1 mutations (Armbruster, Labs et al. 2013). This suggests 
that the thylakoid membranes, at certain stages, may have a similar protein composition as the 
inner envelope membrane (Rocha, Nitenberg et al. 2018), subsequently recognised by FTSZ 
proteins. Furthermore, the interactions between FTSZ proteins and the thylakoid membranes 
during early leaf development, may indirectly be attributed to PDV proteins regulating early 
stages of plastid division not mediated by FTSZ proteins (Okazaki, Kabeya et al. 2009). In 
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correlation with leaf development occurring over 2-3 weeks (Andriankaja, Dhondt et al. 2012), it 
is likely the diminished interactions between the FTSZ proteins and the thylakoid membranes (El-
Kafafi, Karamoko et al. 2008, Karamoko, El-Kafafi et al. 2011), are due to the increased need of 
FTSZ proteins for chloroplast division (Okazaki, Kabeya et al. 2009). Evidently there may be several 
FTSZ isoforms preferentially involved with thylakoid separation (Figure 2).
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Figure 2: Proposed interactions between the thylakoid membranes and division-associated proteins, during early chloroplast 
development. MCD1 complexes inhibit division ring assembly away from the division site, resulting in oscillation of the FTSZ proteins. 
Interactions occur between FTSZ and MIN proteins, with the thylakoid membranes during oscillation (MacCready, Schossau et al. 2017). 
These interactions may be important during early chloroplast development (El-Kafafi, Karamoko et al. 2008, Karamoko, El-Kafafi et al. 
2011), or as a consequence of thylakoid synthesis protruding from the inner envelope membrane (Pribil, Labs et al. 2014, Rocha, 
Nitenberg et al. 2018).
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1.4.2 FTSZ interactions with ARC6 and PARC6, via ARC3, determines assembly and turnover 
of the Z-ring 
Assembly of the Z-ring in Arabidopsis and reflected also in Nicotiana, is regulated via positive and 
negative interactions with the inner envelope membrane and the stromal proteins, such as ARC3, 
which negatively mediates FTSZ tethering to PARC6 (Figure 1&3) (Glynn, Yang et al. 2009, Zhang, 
Schmitz et al. 2013, Zhang, Chen et al. 2016). These interactions were demonstrated using a yeast 
two hybrid system and N. tabacum (Maple, Vojta et al. 2007), identifying two specific regions with 
the ARC protein sequence; ARC31-598 (FTSZ- middle) and ARC3393-741 (Middle- MORN). The first 361 
amino acids confers FTSZ-specific interactions, responsible for the placement and turnover of the 
Z-ring, whilst the Middle (362- 580 amino acids) confers non-specific binding between MINE, 
MIND, FTSZ1-1 and other ARC3 proteins (Maple, Vojta et al. 2007). The sequester of the MORN 
domain is ARC6, a paralog of PARC6 (Glynn, Yang et al. 2009), which is a key protein involved in 
trans-membrane coordination between the cytosolic PDV1 and DRP5B proteins, with the stromal 
Z- ring (Figure 3). The ARC3-dependent interaction with PARC6 via the MORN domain, initiates 
turnover of the FTSZ filaments (Glynn, Yang et al. 2009). However, interactions of the FTSZ-domain 
of ARC3 are non-specific between FTSZ1 and 2, although PARC6 interacts specifically with FTSZ1, 
despite sequestering the MORN domain of ARC3. Interactions between these proteins may be 
dose dependent and rely on other interactions with proteins such as MCD1. In addition, FTSZ2 
may stabilise the Z-ring at the division site in an ARC3-dependent manner. This interaction may 
also be independent of FTSZ1 (Maple, Vojta et al. 2007, Zhang, Schmitz et al. 2013).  
Recent proteomic studies identified FTSZ249-478 residues as having affinity to PARC6  (Zhang, Chen 
et al. 2016). Overexpression of parc6 inhibits FTSZ heteropolymer filaments, whilst deletion of 
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parc6 exhibits similar long FTSZ filaments as in arc3 mutants, affirming that ARC3 inhibits FTSZ 
binding to PARC6 at non-division sites (Zhang, Schmitz et al. 2013, Zhang, Chen et al. 2016).  
1.4.3 FTSZ interactions with ARC6 and PARC6 regulate recruitment of the outer division 
proteins 
ARC6 and PARC6, localised in the inner envelope membrane, interact with FTSZ1 and 2 
heteropolymers, which tether the Z-ring toward the central division site, but also communicate 
divisional cues to the outer envelope membrane proteins (Figure 3). ARC6 is a descendent of 
bacterial division proteins and is similar to the cyanobacterial FTN2 protein (Aldridge, Maple et al. 
2005). ARC6 spans the inner envelope membrane via a localised N-terminus, which includes a 
conserved J-domain that extends into the stromal space and interacts with FTSZ proteins (Vitha, 
Froehlich et al. 2003). Conserved regions of the C-terminus extend through the intermediate 
membrane space and associate with PDV2 (Glynn, Froehlich et al. 2008). The C-terminus has a 
conserved domain that is also present in cyanobacteria and has been suggested to interact with 
PDV2 (Kumar, Radhakrishnan et al. 2016). Recent structural analysis (Kumar, Radhakrishnan et al. 
2016), revealed ARC6 is composed of an upper and lower terminus that encapsulates a hollow 
tunnel. It has been proposed that the emergence of this protein structure is a key evolutionary 
step that allowed communication through multiple membranes (Kumar, Radhakrishnan et al. 
2016).  
The outer envelope protein, PDV1, coordinates signals from the stromal division proteins via 
PARC6. Unlike ARC6 that promotes FTSZ tethering at the division site, PARC6 operates 
downstream and inhibits FTSZ assembly at non-division sites via ARC3 (Glynn, Yang et al. 2009) 
(Figure 3). However, this inhibitory function may also be involved for FTSZ turnover during 
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constriction. By contrast, ARC6 and PARC6 contain different J-domain residues, in which the lack 
of proline residues diminishes the co-chaperone activity required for ARC6-FTSZ interaction 
(Glynn, Yang et al. 2009). Hence, deficiencies in ARC6 or PARC6 result in different FTSZ-dependent 
division, for example, arc6 mutants in Arabidopsis demonstrate improper FTSZ formation, while 
parc6 mutants in Arabidopsis show long FTSZ filaments and display heterogeneous chloroplast 
morphologies, resembling arc3 and arc5 mutations. 
Recent investigations using a yeast two-hybrid system examined the amino acids sequences in 
PARC6 and ARC6, and found a conserved FTSZ2-interactive region, but not any for FTSZ1 (Zhang, 
Chen et al. 2016). Furthermore, fluorescence signals localised FTSZ2 and PARC6 together, 
probably mediated in part by the C-terminal region that also interacts weakly with ARC6 forming 
the filament network (Zhang, Chen et al. 2016). This association likely helps mediate Z-ring 
stability and remodelling during chloroplast division.
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Figure 3: Illustrative representation of the membrane-bound proteins, mediating signals between the stromal and cytosolic 
components required for plastid division. Modified from (Zhang, Chen et al. 2016) including the MIN interactions with FTSZ and PDV 
proteins (Chen, MacCready et al. 2018, Chen, Sun et al. 2018, Sung, Shaik et al. 2018, Yoshida 2018). Red circles indicate key regulatory 
interactions for the formation of the inner and outer division rings, but also highlight the C-terminal interactions required for the 
turnover and constriction of the division rings during plastid division. 
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1.4.4 GC1 negatively regulates FTSZ heteropolymer anchoring along the inner envelope 
membrane 
FTSZ heteropolymer stability is negatively regulated via ARC3 but may involve as yet 
uncharacterised proteins anchored along the inner envelope membrane. An example, is Giant 
Chloroplast 1 (GC1) that uniformly attaches along the inner envelope membrane by a nine amino 
acid C-terminal amphipathic helix (Maple, Fujiwara et al. 2004). GC1 is structurally similar to the 
bacterial SulA that directly inhibits FTSZ-mediated division (Raynaud, Cassier-Chauvat et al. 2004, 
Aldridge, Maple et al. 2005), suggesting that GC1 may interact via similar mechanisms with FTSZ 
proteins in planta.  
Inhibition of gc1 in Arabidopsis results in 1-2 macro chloroplasts per cell (Maple, Fujiwara et al. 
2004), similar to ftsZ mutations in Arabidopsis (Yoder, Kadirjan-Kalbach et al. 2007, TerBush and 
Osteryoung 2012). Overexpression of gc1 in Arabidopsis results in an asymmetrical population of 
chloroplasts per cell (Maple, Fujiwara et al. 2004), which also occur when overexpressing ftsZ1 or 
2 in Arabidopsis (Stokes, McAndrew et al. 2000). In addition, overexpression of gc1 rescues FTSZ1 
and 2 functions (Raynaud, Cassier-Chauvat et al. 2004, Aldridge, Maple et al. 2005), suggesting 
that GC1 may be involved in the early stages of plastid division. 
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1.4.5 MIN proteins that regulate positioning of the Z-ring to the division site 
Placement of the Z-ring is controlled by several proteins, including ARC3 that interacts with FTSZ 
proteins via the membrane-bound proteins, as previously shown in Figures 1&3. The collective of 
proteins is formally described as part of the MIN system, as per the bacterial minicell proteins 
(Lutkenhaus 2007). Proteins homologous with bacterial MIN proteins, found in plants include: 
MCD1, MIND and MINE. In addition, ARC3 , described in plants, is analogous to MINC in bacteria 
(Maple, Vojta et al. 2007), and although many of the MIN-related functions remain conserved 
between bacteria and plastid division, evolution has introduced several new interactions to 
facilitate multi-membrane divisions. 
The timing and topology of how the MIN proteins interact during chloroplast division appears to 
change, for example, MCD1 was recently shown to associate with FTSZ via an interaction with 
ARC6, likely stabilising the Z-ring, but also ensuring the division site does not oscillate (Chen, Sun 
et al. 2018). Previous yeast two-hybrid assays had highlighted that MCD1 uniformly associates 
with the inner envelope membrane, but did not affiliate with the FTSZ filaments (Nakanishi, Suzuki 
et al. 2009). However, the previous research did indicate that MCD1 forms a complex, mediated 
via MIND, which indirectly associates approximately half the MIND pool with the inner envelope 
membrane, ensuring FTSZ filaments are inhibited outside the division site (Nakanishi, Suzuki et al. 
2009). 
In both E. coli and A. thaliana, MINE regulates the MIN-protein interactions that inhibit division 
sites along the inner membrane (Maple, Chua et al. 2002, Lutkenhaus 2007). Furthermore, the 
energy required for the oscillation of the MIN proteins in chloroplasts, is derived from the ATP-
bound MIND-MCD1 interaction. The MINE interacts with MIND, stimulating ATP hydrolysis and 
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then disrupting MCD1 binding, the ADP-bound MIND then undergoes oscillation towards the 
other pole due to a lower ratio of MIND to MINE (Kerr, Levine et al. 2006, Lutkenhaus 2007, 
Osteryoung and Pyke 2014). Similar to observations from E. coli, MCD1 is thought to then be 
spatially positioned on the inner envelope membrane, mediated by MINE binding (Figures 1&2) 
(MacCready, Schossau et al. 2017).  
Uncovering the specific function and interactions of MINE may come from analysis with the unicell 
green algae Chlamydomonas reinhardtii, which precedes the evolution of higher plants protein 
interactions. Interestingly, C. reinhardtii contains a plastid encoded MINE and a nuclear- encoded 
homolog (CrMINE) that is 34% similar in sequence to the Arabidopsis MINE, but is structurally 
similar to E. coli MINE (Wang, Wu et al. 2017) . Furthermore, overexpression of CrMINE in E. coli 
results in the same dispersion of Z-rings as native E. coli MINE (Wang, Wu et al. 2017). 
During differentiation of proplastids to chloroplasts, MIN proteins become more involved in the 
coordination of the Z-ring. Wang et al., (2013) observed etioplasts with non-transcriptionally 
active genes that included: mcd1, arc11 (minD), arc12 (mine), arc3 and parc6 (Wang, Zhang et al. 
2013). Surprisingly, only mine and parc6 mutants change in etioplast division, resulting in few 
enlarged plastids (Wang, Zhang et al. 2013). In the same study, fluorescent tagging showed that 
FTSZ filaments were displaced within the enlarged etioplasts (Wang, Zhang et al. 2013), 
highlighting that mine and parc6 are more important during plastid and early chloroplast division. 
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1.4.6 MIN protein interactions with the thylakoid membranes  
How MIN-associated proteins interact with the thylakoid membranes from Nicotiana or 
Arabidopsis is not well understood. The presence of multiple membrane layers in the thylakoid 
grana creates complex structures that may block oscillating proteins, consequently increasing 
interactions between the oscillating proteins and the thylakoid membranes. Given the similarities 
between the inner envelope membrane and the thylakoid membranes, it might be expected that 
there is an increased affinity between the oscillating MIND and MINE proteins, and the thylakoid 
membranes. Consistent with this proposal, research using a single cell model program has shown 
an increased affinity between oscillating MIND and MINE, and the thylakoid membranes 
(MacCready, Schossau et al. 2017). Experiments in which the thylakoid membranes were 
permeable to MIN proteins indicated patterns of MIND and MINE levels were relatively 
unaffected, however, if there were interactions between MIND and the thylakoid membranes, 
than MIND accumulation with, or within the thylakoid membranes, increased by 12 % (Wang, 
Zhang et al. 2013). The interactions between MIN proteins and the thylakoid membranes were 
affected by the membrane permeability to the oscillating proteins. Structurally, and as a 
requirement for photosynthesis, plastid membranes are less permeable to non-photosynthetic 
proteins. 
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1.4.7 MCD1 complex-dependent regulation of ARC3 permits FTSZ polymerisation 
As mentioned earlier, ARC3 negatively influences positioning and remodelling of the Z-ring, but in 
turn is regulated via the MCD1 complex (Figures 1&3). Consistent with the idea that ARC3 acts in 
a MINC-like manner to inhibit Z-ring formation, arc3-2 and minD double mutants in Arabidopsis 
were examined, and interestingly revealed similar phenotypes to arc3 and arc11 single mutants 
(Zhang, Schmitz et al. 2013). Furthermore, arc3 mutants overexpressing minD, show 
morphologies identical with arc3 single mutants (Zhang, Schmitz et al. 2013). Therefore, ARC3 
would appear to act downstream of MIND and MINE, and it this interactive complex with MCD1 
that is proposed to inhibit ARC3-FTSZ action (Chen, MacCready et al. 2018, Chen, Sun et al. 2018).  
This has previously been observed with mine overexpression and minD antisense lines, although 
understanding of ARC3 at the time, prevented full elucidation of the cause (Fujiwara, Hashimoto 
et al. 2008). Due to its affinity with MCD1 complexes and ARC6, ARC3 oscillates in a manner like 
the cohort of MIN proteins, along the inner envelope membrane. 
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1.5 The role of the cell cycle 
1.5.1 Cell cycle dependent regulation of the plastome and plastid division 
How coordination between the developmental processes for plastome endoduplication, division 
and thylakoid separation occur is unclear. During chloroplast division, the plastome copy number 
remains consistent (Dinkins, Reddy et al. 2001), however, differences in transcript levels and copy 
number have been found during early stages of plant development (Baumgartner, Rapp et al. 
1989). These changes occur concomitantly with proplastid and etioplast differentiation; a 10-fold 
increase in transcript levels and a 2-fold increase in plastome copy number occurs at the same 
time as a 5-fold increase in chloroplast number (Baumgartner, Rapp et al. 1989).  
A. thaliana plants overexpressing the plastid division protein, MIND, have reduced chloroplast 
numbers, but do not have a reduced plastome copy number (Dinkins, Reddy et al. 2001). Another 
example of the influence of cell cycle on plastome content is the crinkled leaves 8 (crl8) mutation 
in A. thaliana (Garton, Knight et al. 2007). The crl8 gene encodes the large subunit of 
ribonucleotide reductase (RNR1), which catalyses the rate- limiting step in production of 
deoxyribonucleoside triphosphates (dNTPs). The crl8 mutants show a decrease in plastome copy 
number and chloroplast morphology similar to that seen in minD mutants, indicating that the 
plastome copy number appears to be influenced by the developmental stage of plants and not 
directly by chloroplast number, although chloroplast number is in turn dependent on plant 
development. 
Fundamentally, plant cell cycle regulates plant development and subsequently plastid division 
(Figure 4), although how and when plastid division occurs within this cycle is unclear (Pedroza-
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Garcia, Domenichini et al. 2016). In algae, replication of the genetic material is followed by division 
of single plastids, during the S-phase of the cell cycle (Pedroza-Garcia, Domenichini et al. 2016). 
By contrast, different plastid types in plants coordinate these processes either within in the cell 
cycle, and when this occurs it is after the S-phase, or totally independent of the cell cycle (Figure 
4). As such, it is likely chloroplast number does not govern endoduplication cycles of the plastome, 
and neither are necessarily influenced via cell cycle, but rather mediated by development 
(Pedroza-Garcia, Domenichini et al. 2016).  
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Figure 4: Plastid (chloroplast) division in plants regulated by the cell cycle. Onset and 
coordination of plastid division is currently initiated by three primary influences: 1) upstream 
endogenous or exogenous supply of cytokinins, or light-induced division via cell proliferation. 
2) Plastid division initiated during S-phase of the cell cycle. 3) Plastid division initiated after the 
exit of the cell cycle and onset of cell expansion. G1 & 2: Gap 1 & 2, M: mitosis and S: synthesis 
(Pedroza-Garcia, Domenichini et al. 2016).  
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1.5.2 Top-down regulation of plastid division from cytokinins via the plant cell cycle  
The co-ordination of plastid division and cellular expansion plays a significant role in regulating 
plant growth. Factors that directly or indirectly affect chloroplast biogenesis influence the rate of 
cellular expansion, and subsequently plastid division (Figure 4). Plant hormones such as cytokinins 
regulate multiple pathways involved in plant growth, and have been shown to effect the 
expression of pdv genes, which in turn regulate plastid division (Okazaki, Kabeya et al. 2009, 
Chang, Sun et al. 2017). The expression of either pdv gene appears in part, dependent on the 
presence of cytokinin, which has been demonstrated using the expression of the Cytokinin-
Responsive Transcription Factor2 (CRF2) gene (Okazaki, Kabeya et al. 2009). The same 
observations of increased plastid division rates via pdv expression were made when exogenous 
cytokinin was supplied to isolated leaves (Okazaki, Kabeya et al. 2009). These factors, working in 
concert, appear to also inhibit normal degradation of plastid division over time. How these 
hormones and factors interact with the expression or functions of cytosolic PDV proteins is 
unclear.  
There appears to be evidence of cross talk between cytokinins and gibberellins (GA) on plastid 
division positive regulation on plant growth and division. Chloroplast division genes such as, arc5 
and arc6, ftsZ2, and pdv1&2, were shown to be subject to regulation by GA, consequently altering 
plastid division rates (Jiang, Li et al. 2012). Genes also subject to regulation by GA include: cdka, 
cycb1 and cycd1 cellular division genes, and expa1 & expb1 expansion genes (Jiang, Li et al. 2012). 
These authors propose that these interactions are mediated via the GA/DELLA protein 
interactions that positively and negatively regulate processes involved in plant development and 
plastid division (Jiang, Li et al. 2012).
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1.6 The scope of the research  
Understanding the mechanisms controlling plastid division, but also the interactions between 
plastid division proteins with the different plastid membranes, has received significant 
attention of recent (Wang, Li et al. 2017, Chen, MacCready et al. 2018, Irieda and Shiomi 2018, 
Sung, Shaik et al. 2018, Yoshida 2018). However, there remains a disjoint in the understanding 
as to how these interactions influence plant development. How changes to chloroplast 
morphology, resulting from abnormal plastid division, changes gene and protein expression 
patterns are not well described (Maple, Winge et al. 2011, Gargano, Maple-Grødem et al. 
2013). Furthermore, previous research involving plastid division mutants, more commonly 
report the generation of macro chloroplasts (Chikkala, Nugent et al. 2013, Zhang, Schmitz et 
al. 2013, Osteryoung and Pyke 2014, Johnson, Shaik et al. 2015), and do not accurately 
evaluate mini chloroplast morphologies, also generated via expression of different plastid 
division genes. 
This thesis examines the effects that changes in plastid morphology have on plant phenotype 
and explores the different chloroplast changes that occur with the various plastid 
morphologies that can be generated via transgenic expression of genes encoding plastid 
division proteins. The work described in Chapter 2 compares plant development between 
different macro chloroplast morphologies, generated via ectopic expression of either ftsZ or 
minD gene sequences in N. tabacum. Different morphologies that were generated were 
examined for changes to the thylakoid membrane network, which may develop after 
interactions between the plastid division proteins and the thylakoid membranes. In a more 
detailed analysis, membrane-bound chloroplast proteins were characterised from altered 
chloroplasts, and the peptide analysis revealed stress-related proteins that were differently 
expressed between these plants. 
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Plants generated via transgene expression of either ftsZ or the minD plastid division genes, 
displayed mini chloroplast morphologies. The work reported in Chapter 3, studied these 
chloroplast morphologies that all proved to be non-viable, examining changes in chloroplast 
gene expression patterns prior to plant death. Genes studied included chloroplast-encoded 
genes that were important for photosynthetic functions, but also included gene subunits that 
encode part of the polymerases required to transcribe the photosynthetic genes. These genes 
were significantly down-regulated in mini chloroplast plant phenotypes.  
To date, most of the work on transgene expression of plastid division genes has involved genes 
being transferred into model plants, such as N. tabacum. It has not been investigated whether 
heterologous plastid division genes interact differently when expressed back in the host plant, 
which may result in novel or unexpected plastid morphologies. The work described in Chapter 
4, examined Brassica oleracea var. botrytis plants where the minD gene was re-introduced. 
Plants were regenerated with additional minD copies via a novel and efficient somatic 
embryogenesis protocol. Transcription of the incorporated minD expression cassettes were 
regulated by a novel rbcS promoter, isolated from B. oleracea. The expression of the minD 
gene resulted in the formation of enlarged chloroplast morphologies, with no apparent side 
effect to plant development, which was previously illustrated using similar expression 
cassettes and B. oleracea (Chikkala, Nugent et al. 2013).
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CHAPTER 2  
ULTRA-STRUCTURAL AND PROTEOMIC 
ANALYSES OF DIFFERENT 
CHLOROPLAST MORPHOLOGIES IN 
NICOTIANA TABACUM (TOBACCO) 
2.1 Introduction 
Chloroplasts are specialised double membrane organelles found in photosynthetic plants and 
algae, but absent from bacteria (included photosynthetic bacteria) and protozoa. There are 
approximately 100 chloroplasts found in the mesophyll cells of plants (Pedroza-Garcia, 
Domenichini et al. 2016). During chloroplast development, approximately 3000 proteins are 
imported across the double membrane via transport protein complexes (Tsai, Chu et al. 2013, 
Møller, Maple et al. 2014), included in these are stromal targeted plastid division proteins 
involved in the formation of the inner Z-ring (Chen, MacCready et al. 2018), and proteins 
involved in the final partitioning of chloroplasts (Pedroza-Garcia, Domenichini et al. 2016). 
The imported proteins are essential for the unbiased division of the chloroplast. In addition to 
the division proteins, plastid division is strongly influenced by the architecture of the inner 
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and outer chloroplast membranes and the photosynthetic thylakoid membranes (Osteryoung, 
Stokes et al. 1998). Due to their native plasticity and complex arrangement, the thylakoid 
membranes have been subject of investigation, reviewing how the membranes arrange during 
development and division (Pribil, Labs et al. 2014). Electron micrographs have been used to 
aid in visualising the thylakoid morphology (Armbruster, Labs et al. 2013). Granum diameters 
range from 400-600 nm and vary in stack height, these being dependent on the ambient 
conditions effecting photosynthesis, such as light (Koochak, Li et al. 2017). The greatest 
variability of thylakoid dynamics are observed not within mature chloroplasts but during 
etiolation, as paracrystalline prolamellar bodies expand and mature during the first hours of 
illumination (Kowalewska, Mazur et al. 2016). However, the proteins involved in the 
expansion and partitioning of the thylakoid membranes are as yet uncharacterised.  
The characterisation of macro and mini chloroplast morphologies, which exhibit changes in 
the thylakoid membrane morphology, will aid in our understanding of how either chloroplast 
or thylakoid membrane development, are coordinated in response to changes to the other. 
The aims of the work reported in this chapter were to characterise T1 seed derived transgenic 
N. tabacum, containing additional copies of the ftsZ or minD transgene, with a variety of 
macro and mini chloroplast morphologies regarding: 
• Plant growth and development  
• Ultrastructure changes in the thylakoid membranes  
• The proteins associated with changes in the chloroplast morphology  
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2.2 Material and Methods 
2.2.1 Plants, plant expression cassettes and plant transformation 
The N. tabacum cultivar (cv. Petit Havana) plants were generously donated from Dr Gregory 
Nugent (Melbourne, Australia) and maintained in vitro on 4.43 g L-1 Murashige and Skoog (MS) 
medium with vitamins (PhytoTechnology Laboratories®), 0.2% (v/v) Plant Preservation 
Mixture (PPM) (PhytoTechnology Laboratories®), and 2.5 g L-1 Gellan Gum Powder 
CulturegelTM (PhytoTechnology Laboratories®), pH 6.0, and grown under 25 µmol m-1 sec-1 
light with a 16 h photoperiod at 25°C. Plant meristems were subcultured every 4 weeks.  
The pNAV binary vectors that contained either the ftsZ or minD expression cassettes 
(Appendix A1) were designed by Dr Veera Chikkala (Melbourne, Australia) (Chikkala, Nugent 
et al. 2012). Expression of either the ftsZ or minD gene was directed by the ribulose-1,5-
biphosphate carboxylase small subunit gene promoter sequence that was isolated from N. 
tabacum, while the selectable marker gene referring resistance to the antibiotic kanamycin, 
was expressed by the constitutive CAMv35s promoter.  The binary vectors were transformed 
into the Agrobacterium strain AGL-1, which were donated by Dr Gregory Nugent (Melbourne, 
Australia). 
Cultures of the AGL-1 strain harbouring either of the two pNAV binary vectors were grown 
overnight in 25 mL LB medium containing 50 mg L-1 kanamycin and 50 mg L-1 rifampicin at 28°C 
agitated at 200 rpm. The cultures were then centrifuged at 5000 x g for 5 min at 4°C, diluted 
to an OD600 of 0.3- 0.4 in liquid MS, and 100 µM acetosyringone was added. N. tabacum leaves 
were then isolated from the in vitro grown plants and cut into 5 mm² sections, which were 
immersed in the Agrobacterium solution. The solution was gently mixed via periodic shaking 
in the dark for 15-20 min, after which the excess solution was removed, and the leaves 
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transferred to regeneration medium (RMOP) (MS medium containing 0.1 mg L-1 NAA and 1.0 
mg L-1 BAP, 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology), pH 6.0) in petri dishes 
(90 x 15 mm). The leaf material recovered under a 16 h photoperiod for 2- 3 d. After this time, 
the explants were then transferred to selective medium (RMOP supplemented with 50 mg L-1 
kanamycin, 300 mg L-1 timentin and 0.2% (v/v) PPM) in petri dishes (90 x 15 mm) and cultured 
for 5-8 weeks. Explants and the subsequent plantlets were subcultured every 2-3 weeks. 
Putative transformed shoots were excised from the initial explants and subcultured to MS 
medium supplemented with 50 mg L-1 kanamycin, 300 mg L-1 timentin and 0.2% (v/v) PPM. 
After 2 months, transformed plants containing either the ftsZ or minD expression cassettes 
were transferred to soil. 
2.2.2 Growth of N. tabacum transgenic phenotypes in soil  
Soil grown plants were kept under growth room conditions at 22-24°C under a 16 h 
photoperiod, emitting low light at 26 µmol m-2 sec-1. Parent plants (T0) of either ftsZ or minD 
lines were self-pollinated, resulting in T1 progeny seeds. A sample size of 142 WT, 90 MindA1 
and 90 FtszA1 seedlings were then germinated in vitro on 4.43 g L-1 Murashige and Skoog (MS) 
medium with vitamins (PhytoTechnology Laboratories®), 0.2% (v/v) Plant Preservation 
Mixture (PPM) (PhytoTechnology Laboratories®), and 2.5 g L-1 Gellan Gum Powder 
CulturegelTM (PhytoTechnology Laboratories®), pH 6.0, and grown under 25 µmol m-1 sec-1 
light with a 16 h photoperiod at 25°C. After germination, seedlings were grown for an 
additional 4 d prior to transfer to soil. After 7 d the first measurement (plant height) was 
recorded from the single lowest leaf towards the somatic apical meristem (SAM) of each plant 
in each plant group. Growth was then measured every 5-7 d for a total of 34 d, averaged 
between each plant group and recorded as mm day-1. 
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All plants grown in soil were maintained in an all-purpose potting mix in 140 mm pots and 
grown until maturation. Cuttings were initiated from the top most apical meristem and re-
potted to maintain cultivar lines.  
2.2.3  Microscopy 
Chloroplast morphologies were confirmed under brightfield and fluorescent imagining using 
a Leica DM2500 Compound Epifluorescence microscope. Simple leaf peels along the lamina 
avoided the mid vein and released intact chloroplast into the ambient solution on a glass slide. 
Brightfield and epifluorescence images were edited using Leica software.  
Transmission electron microscopy images were used to examine the chloroplast membranes 
and internal thylakoid membranes. Leaf samples were fixed overnight in 2.5% (v/v) 
glutaraldehyde and 2% (v/v) paraformaldehyde in 100 mM cacodylate buffer (pH 7.4), 
followed by washing three times with 100 mM cacodylate bfuffer. Samples were then post- 
fixed with 1% (v/v) osmium tetroxide for 1.5 h followed by washing three times in distilled 
water. Samples were gradually dehydrated in increasing gradients of 50- 100% (v/v) ethanol 
for 15- 30 min each step. Following dehydration, samples were infiltrated twice with Spurr’s 
resin before polymerisation at 60°C for 48 h. Ultra- thin sections of 90 nm were cut with a 
Leica Ultracut Ultramicrotome on carbon-formvar copper grids. The samples were post- 
stained with heavy metals and imagined with a JEOL- 1010 TEM at 80 kV. 
2.2.4 Protein extraction 
Total soluble protein was extracted from whole leaf samples using a modified approach 
previously reported (Lang, Mueller et al. 2011), and slightly adapted from a similar report 
(Wessel and Flügge 1984). Proteins were homogenised with a mortar and pestle in 7.5 M urea, 
2.5 M thiourea, 12.5% (v/v) glycerol 62.5 mM tris- HCL, 100 µM leupeptin, 1mM PMSF and 10 
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mM EDTA and left on ice for 10-15 min. Samples were centrifuged at 15,000 x g and the 
supernatant collected. Proteins were then precipitated via a methanol/chloroform adapted 
procedure (Wessel and Flügge 1984). Aliquots of 100 µL were mixed with 400 µL of methanol, 
prior to adding 100 µL of chloroform. Samples were mixed in 100 µL of ddH2O via vortex. Phase 
separation was achieved by centrifugation for 2 min at 14,000 x g. Proteins formed at the 
interphase, the upper aqueous phase was carefully removed, and 400 µL methanol added to 
the remaining inter- and bottom- phase. Samples were then mixed and centrifuged again. The 
supernatant (methanol) was removed leaving pelleted proteins. Protein pellets were rinsed 
with 1 mL cold acetone, and centrifuged at 15, 000 x g for 15 min at 4°C. Pelleted proteins 
were left to air dry in a fume hood, until residual methanol had evaporated. Protein pellets 
were suspended in 100- 200 µL of modified solution suspension buffer [6 M Urea, 25 mM bis-
tris, 0.1% (m/v) n-octylglucopyranosid] (Lang, Mueller et al. 2011). Protein concentrations 
were quantified via the Bradford method (Bradford 1976). 
2.2.5   Protein separation 
Isolated protein was examined using 1D gel electrophoresis on a NuPAGE® 4- 20% Bis- Tris 
Mini Gel (1.0 mm x 12 well) (Novex by Life Technologies). Protein gels were immersed in 1x 
MES running buffer [50 mM MES, 50 mM Tris Base, 0.1% (v/v) SDS, 1 mM EDTA, pH 7.5-8]. 
Samples were prepared by adding 50 mM DTT and 4x Loading Dye Sample Buffer [186 mM 
Tris-HCL, 141 mM Tris Base, 2% (v/v) Lithium dodecyl sulphate (LDS), 10% (v/v) Glycerol, 0.51 
mM EDTA, 0.22 mM SERVA®Blue G250, 0.175 Neutral Red, pH 8.5]. Samples were heated at 
70°C for 10 min and briefly centrifuged before being added to the gel. A total of 10 µL of 
HyperPage Prestained Protein Marker (Bioline) was run alongside samples. Proteins were 
separated via 200 V (starting 125 mAmp) for 35- 40 min. 
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Protein gels were washed with Milli-Q® water, trimmed and fixed in solution I [50% (v/v) 
methanol and 10% (v/v) acetic acid] for 30 min. Gels were removed from fixation and 
rehydrated in Coomassie staining solution [0.5% (m/v) Coomassie Brilliant Blue® G-250, 50% 
(v/v) methanol and 10% (v/v) glacial acetic acid] for 30 min. Gels were washed twice with Milli-
Q® water and de-stained in solution II [30% (v/v) methanol and 10% (v/v) glacial acetic acid] 
for 24 h. During de-stain the solution was replaced several times.  
2.2.6  In-gel protein extraction 
In-gel digestion was adapted from two previous publications (Shevchenko, Tomas et al. 2007, 
Albright, Dassenko et al. 2009). Individual gel bands were excised from gels that displayed 
differences in the separation of proteins between non-transformed WT and transformed mini 
chloroplast plant protein samples (see 2.3.6, Table 2). Gel bands were finely cut into < 1 mm 
thick pieces and placed into a 1.5 ml eppendorf™ tube. Gel pieces were washed in 100 µL of 
25 mM ammonium bicarbonate: 50% (v/v) acetonitrile for 30 min intervals (three times) with 
low shaking. Pieces were dehydrated in 100% (v/v) acetonitrile for 5 min. Excess acetonitrile 
solution was removed and residual traces evaporated using a fume cabinet. Samples were 
rehydrated in 10 mM DTT dissolved in 50 mM ammonium bicarbonate, and reduced for 45 
min at 50°C. The solution was replaced with 50 mM iodoacetamide in 50 mM ammonium 
bicarbonate and incubated at room temperature in the dark for 30 min. The solution was 
removed, and samples dehydrated in acetonitrile for 5 min, removing all solution and allowing 
samples to dry completely. Proteins were hydrated and digested in 1 µg of sequence-grade 
trypsin at 37°C for 3 h. The digestion was halted by adding 5% (v/v) trifluoroacetic acid (TFA). 
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2.2.7 Recovery of peptides for MALDI-TOF analysis 
Digested peptides were transferred to a fresh eppendorf™ tube, and the gel pieces covered 
with 50 µL of 50% (v/v) acetonitrile: 50% (v/v) (0.1%) TFA and incubated for 15 min with gentle 
shaking. The solution was removed and added to the corresponding tube containing the 
previously digested samples. The peptides in solution were recovered using activated C18 Zip 
Tips® (Millipore). Zip Tips® were activated by washing with 10 µL acetonitrile followed by 10 
µL of 0.1% (v/v) TFA and repeated three times. Ten microliters of sample were absorbed into 
the Zip Tips® through aspirating and dispensing slowly ten times. The Zip Tip® was washed 
with 5 µL 0.1% (v/v) TFA and repeated twice. Peptides were eluted into a fresh tube from the 
Zip Tip® in a 5-10 µL aliquot of 50% acetonitrile: 50% (0.1% v/v) TFA, through aspirating/ 
dispensing the sample slowly into the same tube ten times. 
2.2.8 MALDI- TOF MS 
A matrix was prepared using a saturated amount of α- cyano-4-hydroxycinnamic acid (HCCA) 
at a 1:1 ratio with the digested peptide sample. A 1 µL aliquot was applied to an MTP 
AnchorChip™ target and allowed to dry. Target plate was loaded into a Bruker Autoflex speed 
LRF MALDI-TOF MS with a 355 nm smartbeam II laser. Targets were analysed in positive ion 
reflective mode and calibrated against a pre- saturated Peptide Calibration Standard II 
(Bruker) containing bradykinin 1-7, angiotensin I and II, substance P, bombesin, ACTH (clip 1-
17 and 18-39) and somatostatin 28. Mass spectra were generated with an acceleration voltage 
of 25 kV and from an accumulation of 500 laser shots. Signals were maximised by adjusting 
the laser attenuation from 80-90% and averaged from multiple overlayed spectra. Spectra 
were analysed using FlexAnalysis™ 3.4 (Bruker) in combination with Compass™ 1.4 Flexseries 
software and converted to peak data.  
 41 | P a g e  
 
Mass spectra peak data was used in combination with Mascot database search software 
(Matrix Science), to identify peptide sequence tags accorded to the error tolerant method 
(Mann and Wilm 1994). Sequences were derived from the SwissPro and NCBIPro databases 
allowing 2 trypsin missed cleavages, carbamidomethyl fixed modification, a peptide tolerance 
mass of ± 1.2 Da and a MS/ MS tolerance of ± 0.6 Da. Trypsin was included as a semi- specific 
enzyme and decoy tests ran accorded to the peptide false discovery rate (FDR <5%). 
Monoisotopic ions with a peptide charge (Mr) were run with a decoy. Peptide sequences were 
blasted against the NCBI protein database to discover similar sequences found in N. tabacum.  
2.2.9 Statistics and data analyses 
Statistical analyses were carried out using GraphPad Prism® 7 software Inc. Data was subject 
to the D’Agostino and Pearson normality test (D'Agostino, Belanger et al. 1990) and compared 
by one-way ANOVA where applicable (otherwise non-parametric Kruskal- Wallis) and Dunns’ 
multiple comparisons (Dunnett 1955) against p-value <0.01 (*), <0.05 (**), <0.001 (***) and 
<0.0001 (****). 
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2.3 Results 
2.3.1 The differences in germination and growth of first generation transgenic plants with 
altered chloroplast morphology 
Seeds harvested from T0 plants that had macro chloroplast morphologies, MindA1 and FtszA1, 
germinated at a higher rate than WT seeds. Seeds from the FtszA1 plants germination more 
frequently at 96%, followed by MindA1 seeds with 71% germination frequency, followed 
closely by WT, of which 63% germinated. After 4 d, the chloroplast morphology of the 
seedlings was screened, of which the FtszA1 T1 plants were then classified into one of four 
groupings based on the relative size and frequency of the macro chloroplast morphology; 
FtszA1-1 having macro chloroplasts similar to the T0 line, FtszA1-2 having less macro 
chloroplasts but the size of each chloroplast being larger than the WT, FtszA1-3 chloroplast 
size were relatively similar to WT and FtszA1-4 having a large number of empty circular 
vesicles within cells containing macro chloroplasts. 
The slowest initial plant growth after germination were observed for MindA1-1 (orange) and 
FtszA1-2 (red) plants (Figure 5B), which in turn also had the lowest means for growth per day 
after the first 4 d (Figure 6). For the MindA1-1 plant group, the slow growth pattern did not 
change significantly over 34 d, with a recorded growth rate of only 0.6 mm per day (Figure 6); 
half the growth rate of the remainder of the plant groupings. 
The MindA1-1 group of plants showed abnormal pale and ovate leaves, and only developed 
3-4 leaves per plant (Figure 5). By contrast, leaf proliferation was normal for the remainder of 
the T1 plant groups, of which the FtszA1-4 plant group had an increased number of leaves 
(Figure 5B) and showed the most significant growth per day (Figure 6). 
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Figure 5: Growth comparison between transgenic N. tabacum T1 lines with altered 
chloroplast morphology. Transgenic T1 lines were produced from self-pollinated T0 lines (A), 
which exhibited macro chloroplast morphologies in both MindA1 and FtszA1 plants. The T1 
seedlings were grouped accorded to the relative size and frequency of the macro chloroplast 
morphology (B); FtszA1-1 having macro chloroplasts similar to the T0 line, FtszA1-2 having 
less macro chloroplasts but the size of each chloroplast being larger than the WT, FtszA1-3 
chloroplast size were relatively similar to WT and FtszA1-4 having a large number of empty 
circular vesicles within cells containing macro chloroplasts.
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Figure 6: Comparison of the mean shoot growth per day per phenotype group between 
transgenic N. tabacum T1 lines with different chloroplast morphology.  Mean ±SE with 
significant differences tested using the Kruskal- Wallis test and indicated (a, b) when alpha= 
0.05. Significant differences between: WT and FtszA1-4 when p<0.01, MindM3 and FtszA1-
4 where p<0.0001, FtszA1-1 and FtszA1-4 and FtszA1-2 where p<0.05.
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Differences in the primary shoot length (Figure 7), was recorded between plants with macro 
chloroplast morphologies, MindA1-1 and FtszA1-1, which differed for expression of either 
minD or ftsZ plastid division genes. Plants from the MindA1-1 group, were significantly stunted 
compared to WT (p= 0.0088) and FtszA1-1 (p= 0.0069) (Figure 7A). The primary shoot lengths 
of MindA1-1 plants (25.2 mm) after 34 d were less than FtszA1-1 (66.4 mm) and WT (68.4 mm) 
plants (Figure 7C). The maximum shoot length of any individual plants, for WT was 97 mm, 
and for FtszA1-1 was 76 mm. The maximum shoot length for a MindA1-1 plant was only 32 
mm, less that the lowest recorded shoot length of 47 mm for both FtszA1-1 and WT plants. 
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Figure 7: The differences for growth of the primary shoot between transgenic N. tabacum 
T1 lines with different chloroplast morphology over 34 d. A) Data points are the mean ± SE 
of 5 random replicate shoot lengths. Significant difference was marked (a, b) when p< 0.05. 
Top (B) and lateral views (C) of the growth differences of plants with different chloroplast 
morphology at 34 d. Scale bar 15 cm. 
2.3.2 Electron micrographs of different chloroplast morphologies 
The thylakoid membranes in plants with different chloroplast morphologies were examined 
for anomalies that may contribute to either abnormal photosynthesis or the aberrant plant 
growth. Normal thylakoid membranes were characterised by evenly spaced and continuous 
membranes connecting multiple grana (Figure 8A). The thylakoid lamellae sheathed the 
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lumen and appeared linear between moderately stacked grana (Figure 8A). As the thylakoid 
lamellae lengthened, grana stacking decreased (Figure 8B). In some cases, the presence of 
starch granules correlated with an increase in plastoglobules, which resulted in the 
discontinuity of the thylakoid lamella adjacent to grana (Figure 8C) or lack of continuous 
lamella or grana (Figure 8D). 
Enlarged chloroplasts were commonly one of two variations of thylakoid morphology, the first 
showed a lack of continuous lamella or grana, and the second displayed larger stacked grana 
(Figure 9B). Larger chloroplasts contained more tightly organised, spherical or honeycomb-
shaped grana (Figure 9B). Honeycomb shaped grana were observed in plants with changes to 
the proteins MIND, e.g. MindA1. Denser organised grana were seen in macro chloroplasts of 
the FtszA1 plant (Figure 9C & D) however, the thylakoid lamellae adjoined to the grana was 
less clear compared to that of the MindA1 chloroplast morphology. The denser thylakoid 
grana may compensate for the lack of thylakoid lamellae adjoined between grana (Figure 9C) 
and plastoglobules seen clustered in macro chloroplast morphologies (Figure 9D). 
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Figure 8: Transmission electron micrographs comparing commonly observed thylakoid 
membrane architecture between different chloroplast morphologies; WT (A), and 
transgenic chloroplast lines; FtszA2-1 (B), FtszA2-4 (C) and FtszA2-5 (D). Abbreviations: 
CpM= Chloroplast Membrane, Ct= Cytoplasm, CW= Cell Wall, Gr= Grana, Pg= Plastoglobule, 
S= Starch, St= Stroma and ThyM= Thylakoid Membrane. Scale bar 0.5 µm. 
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Figure 9: Transmission electron micrographs comparing thylakoid membrane architecture 
between different chloroplast morphologies. A) Chloroplasts from a WT plant contrasted to 
enlarged honeycomb-shaped grana in MindA1 chloroplasts (B), enlarged and sparse grana 
in FtszA1 chloroplasts (C) and magnified perspective of the FtszA1 thylakoid grana (D). 
Abbreviations: CpM= Chloroplast Membrane, CW= Cell Wall, Gr= Grana, Pg= Plastoglobule 
and S= Starch. Scale bar 1 µm and 0.5 µm for (D). 
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2.3.3 Novel thylakoid membrane structures in macro chloroplasts 
Micrographs of macro chloroplasts from different plants showed a variety of different 
thylakoid membrane morphology in contrast with chloroplasts isolated from WT (Figure 10A), 
which also included a novel thylakoid morphology associated with chloroplasts from the 
FtszA1 plants (Figure 10 B, C & D). The thylakoid membranes were organised into a series of 
hexagons (Figure 10B & C) that were interconnected via the thylakoid lamellae (Figure 10). A 
separate and novel thylakoid morphology that consisted of forked free ends branching from 
the thylakoid lamellae (Figure 10D) was also observed. The structural integrity of the 
chloroplast membranes with the novel thylakoid membrane morphologies did not appear 
compromised, but the membrane density of each granum (Figure 10C & D) appeared less than 
the WT morphologies (Figure 10A).  
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Figure 10: Transmission electron micrographs of a macro chloroplast morphology with 
unique thylakoid membrane structures. A) Chloroplasts from a WT plant contrasted to 
chloroplasts from a FtszA1 plant (B-D). Novel hexagon thylakoid structures indicated with 
an ‘*’ and the forked free ends indicated with an ‘†’. Abbreviations: CpM= Chloroplast 
Membrane, Ct= Cytoplasm, CW= Cell Wall, Gr= Grana, Pg= Plastoglobule, S= Starch, St= 
Stroma, ThyM= Thylakoid Membrane, TM= Tonoplast Membrane and V= Vacuole. Scale bar 
0.5 µm (C & D) and 1 µm (A & B). 
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2.3.4 Phenotypic characterisation of in vitro plants with mini chloroplasts 
All plants with mini chloroplast morphologies were terminal, however, plants were able to be 
characterised during early stages of development. All plants were stunted with no apical root 
meristem, which may have contributed toward inhibition of the primary shoot growth. Plants 
grown in vitro appeared stressed, as indicated by senescence of immature leaves after 
subculture and early flower production (Figure 11).  Subcultured mini chloroplast plants 
required a 4-week recovery period for partial growth of the apical shoot meristem.   
Plant phenotypes: FtszA2, FtszA3, MindA2 and MindA3, though stunted, were maintained 
successfully for several months before plant death. In an effort to maintain the mini 
chloroplast plant lines, the FtszA2 plant was propagated in vitro, however, after subculture 
the chloroplast morphologies changed from the parental mini chloroplast morphology. The 
resulting chloroplast polymorphism was further analysed at a protein level. 
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Figure 11: in vitro growth comparisons of plants with mini chloroplast morphologies 
showing senescence-like traits over 4 weeks compared to a healthy WT and macro 
chloroplast line (MindA1). The base diameter of the culture container is 70 mm. 
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2.3.5 Electron micrographs of mini chloroplasts showing different thylakoid architecture 
The thylakoid membranes and chloroplast membranes were characterised using TEM 
micrographs of the mesophyll cell layer of leaves isolated from different plant groups. Normal 
thylakoid membranes were arranged into grana that occupied most of the stroma, either with 
or without starch granules (Figure 12A). In between the grana the thylakoid lamellae did not 
branch spontaneously, as previously seen in chloroplasts from the FtszA1 plant, but were 
instead aligned horizontally. 
Thylakoid membranes in chloroplasts from the FtszA2, FtszA2-1 and FtszA2-3 plants (Figures 
12B, C & D), were organised normally with evenly distributed grana, however, the lamellae 
were thin and aligned horizontally, and distinctly larger plastoglobules were produced along 
the thylakoid lamellae. In addition, the stromal area was proportionally larger in chloroplasts 
isolated from these plants (Figures 12C & D), although the chloroplasts were smaller than WT 
chloroplasts. 
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Figure 12: Transmission electron micrographs showing different thylakoid morphologies in 
mini chloroplasts compared to a WT. A) Chloroplasts from a WT plant contrasted to 
chloroplasts isolated from transgenic FtszA2 plants (B-D). Chloroplasts are smaller than WT 
and appear to have an increased stromal area in some cases (B & D). Abbreviations: CpM= 
Chloroplast Membrane, Ct= Cytoplasm, CW= Cell Wall, Gr= Grana, Pg= Plastoglobule, S= 
Starch, St= Stroma and ThyM= Thylakoid Membrane. Scale bars 0.5 µm (B-D) and 1 µm (A).  
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The thylakoid membranes examined in the chloroplasts from FtszA2-4 and FtszA2-8 plants 
(Figures 13A & D), were morphologically similar to the samples from FtszA2-1 and FtszA2-3, 
which comprised of small elongated chloroplasts with thin grana and well-defined thylakoid 
membranes. The thylakoid membrane structures in the chloroplasts isolated from the FtszA2-
5 and FtszA2-7 plants were not completely clear (Figure 13B & C). In those two samples, the 
thylakoid membranes appeared interconnected with circular-shaped grana with several 
plastoglobules (Figure 13B).  
Chloroplasts isolated from the FtszA2-8 plant, contained elongated thylakoid membranes with 
several grana concentrated toward the organelle poles (Figure 13D). In addition, some 
chloroplasts contained continuous linear thylakoid membranes without formed grana (Figure 
13E), which were unique to FtsA2-8 samples. In that chloroplast morphology, there were 
approximately 5 thylakoid membranes that spanned the stromal matrix (Figure 13F), with 
several plastoglobules along each lamella, indicating that the chloroplasts were metabolically 
active despite lacking clear photosynthetic thylakoid grana (Figure 13F). 
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Figure 13: Transmission electron micrographs showing different thylakoid membranes in 
mini chloroplast morphologies. Thin grana stacks were observed in FtszA2-4 and FtszA2-8 
(A & D), while the organisation of the thylakoid membranes was unclear in some samples 
(B & C). In few cases no grana stacking was observed in the mini chloroplast, as illustrated 
in a sample obtained from the FtszA2-8 plant (E & F) Abbreviations: CpM= Chloroplast 
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Membrane, Ct= Cytoplasm, CW= Cell Wall, Gr= Grana, Pg= Plastoglobule, S= Starch, St= 
Stroma, ThyM= Thylakoid Membrane, TM= tonoplast membrane and V= Vacuole. Scale bars 
0.5 µm and 1.0 µm (D & E). 
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2.3.6 MALDI-TOF analysis of peptides from the different mini chloroplast morphologies  
Proteins from the different in vitro grown mini chloroplast and WT morphologies (Figure 11) 
were separated, isolated, and digested into peptide sequences, which were then identified 
via combined MALDI-TOF/ MASCOT analyses (Table 2). Peptides were calibrated to an internal 
controls of known mass charges [M+H]+ (m/z) (Figure 14A): bradykinin 1-7 (757.3992), 
angiotensin I (1296.6848) and II (1046.5418), substance P (1347.7354), bombesin (1619.8223), 
ACTH [clip 1-17 (2093.0862) and 18-39 (2465.1983)] and somatostatin 28 (3147.4710).  
The mass spectra of all seven trypsin cleaved peptides (Figure 14B), had intensities within a 
detectable mass range up to 3000 m/z. Each digested peptide was converted to peak ion lists 
and matched to putative proteins via MASCOT databases (Tables 3 & 4). 
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Table 2: Presence or absence of proteins between non-transformed WT and transformed 
mini chloroplast protein extracts separated via 1D gel electrophoresis and later identified 
via MASCOT. Presence (+) or concentrated presence (++) of each predicted protein are 
indicated. 
 WT FtszA2-1 FtszA2-3 FtszA2-4 FtszA2-5 FtszA2-7 FtszA2-8 
MASCOT 
protein 
Presence (+) or concentrated presence (++) of each protein per sample 
DNAJ 
chaperone 
++  +  +  + 
PME-1  
or 
PDI 
+  ++ ++ ++ ++ ++ 
ABC 
transporter 
G family 
++ +    +  
ABA 
hydroxylase 
+    +  + 
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Figure 14: MALDI-TOF mass spectra showing the Peptide Calibration Standard II (A) and 7 
trypsin cleaved peptides from different chloroplast morphologies (B). Peaks were separated 
by intensity (y- axis) and mass over time (m/z) (x-axis). Only the highest detectable 
intensities are shown in the spectra. 
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2.3.7 MASCOT predicted proteins from the MALDI-TOF MS peak ions 
MALDI-TOF MS results were analysed using MASCOT software to detect sequence tags in 
peptides registered in the NCBI or Swiss Protein databases. Significant sequence tags (Tables 
3 & 4) based on the ion peak masses (m/z) were identified and the significant protein scores 
computed when p<0.05. The data was reported as -10Log(P), where P was the probability of 
a match occurred by chance.  
2.3.7.1  Signalling proteins 
A total of 28 peak masses were identified as peptide sequence tags from a protein disulphide 
isomerase (PDI), a multifunctional chaperone found in the ER and responsible for the catalysis 
of protein disulphide bonds (Noiva 1999). When aligned with N. tabacum database, 76% 
homology was found with an isomerase (Table 3). Separately, another 16 peaks identified as 
sequence tags correlated by 41% homology to the protein phosphatase methylesterase 1- like 
isoform X1 from N. attenuate (Table 4). This sequence was 99% conserved in N. tabacum 
(Table 4). A final set of sequence tags were identified with low homology to an RNA- binding 
protein documented in Zostera marina (Table 4).  
2.3.7.2 Stress response proteins 
Sequences tags from a DNAJ homolog subfamily B member chaperone was identified (Table 
4) and comparisons with N. tabacum proteins showed 70% homology with DNAJ homologs. 
DNAJ homologs are co-chaperones of the HSP40 protein family that chaperone HSP70 activity 
via DNAJ / DNAK –domains (Bukau and Horwich 1998). 
Forty-two peaks correlated to sequence tags from an uncharacterised protein reported in 
Marchantia polymorph and aligned with 48% homology with a suppressor of RPS4- RLD 1- like 
protein found in N. tabacum (Table 3). A further set of sequences tags, with 22% homology, 
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were identified as part of an ABC transporter superfamily reported in N. tabacum (Table 4). 
ABC transporters are involved in a number of plant processes driven by ATP hydrolysis and 
found in most membranes in the plant cell (Kang, Park et al. 2011), with tentative links to ABA 
regulation (Ji, Peng et al. 2014). 
2.3.7.3 Plant hormone-related proteins 
Two peptide sequences correlated with an abscisic acid 8’- hydroxylase 4- like protein 
documented in Prunus mune (Table 3) that aligned with 67% homology with an ABA-8’- 
hydroxylase 4- like protein from N. tabacum. ABA is an inhibitor of cell cycles via regulation of 
kinase-mediated cell cycle exit/ arrest, responsible for altered plant and leaf development 
(Polyn, Willems et al. 2015). 
2.3.7.4 Uncharacterised proteins 
Two peptide sequences were uncharacterised and documented from Morus notabilis (Table 
3). 
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Table 3: Predicted proteins according to MASCOT sequence tags determined from peak masses. Each MALDI-TOF spectrum was compared to a 
decoy with an FDR< 0.05% and a significant protein score ≥80. Proteins were cross-referenced with an N. tabacum database. 
Overview of predicted proteins according to MASCOT database of sequence tags 
MASCOT protein Protein score Taxonomy 
Sequence 
coverage 
N. tabacum database 
(Accession #) 
Query cover 
(Homology) 
Hypothetical protein 
(XP_010099765.1) 
90 Morus notabilis 36% Uncharacterised protein 
100% (46%) 
 
Protein disulphide isomerase 7 
(NP_001105759.1) 
84 Zea mays 52% 
Probable protein disulphide-
isomerase A6 (XP_016486857.1) 
93% (76%) 
Hypothetical protein 
(OAE22517.1) (Decoy Hit) 
80 
Marchantia 
polymorph subsp. 
Ruderalis 
35% 
Suppressor of RPS4-RLD 1-like 
(XP_16469608.1) 
84% (48%) 
Abscisic acid 8’-hydroxylase 4-like 
(XP_016651678.1) 
80 
 
Prunus mune 35% 
Abscisic acid 8’-hydroxylase 4- like 
(XP_16502423.1) 
91% (67%) 
 65 | P a g e  
 
Table 4: Predicted proteins according to secondary matched MASCOT sequence tags. Unmatched sequence tags from the primary analysis (Table 
3) were re-analysed and each MALDI-TOF spectrum was compared to a decoy with an FDR< 0.05% and a significant protein score ≥80. Proteins 
were cross-referenced with an N. tabacum database. 
Predicted proteins according to secondary MASCOT database of sequence tags 
MASCOT protein 
Protein 
score 
Taxonomy 
Sequence 
coverage 
N. tabacum database 
(Accession #) 
Query cover 
(Homology) 
dnaJ homolog subfamily B member 
1 (XP_006844883.1) 
87 Amborella trichopoda 29% 
dnaJ homolog subfamily B member 1-
like (XP_016440635.1) 
99% (70%) 
Protein phosphatase methylesterase 
1-like isoform 
(XP_019266680.1) 
81 N. attenuata 41% 
Protein phosphatase methyltransferase 
1-like isoform X1 
(XP_016450112.1) 
100% (99%) 
ABC transporter G family member 
15- like, partial (XP_016511789.1) 
74 N. tabacum 22% N/A N/A 
RNA-binding protein 
(KMZ61823.1) 
77 Zostera marina 19% - - 
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2.4 Discussion 
Chloroplast morphology was characterised in transgenic plants that expressed minD or ftsZ 
division genes differently in contrast to WT (Appendix A2). Evidence of this is observed by 
changes to the chloroplast morphology, where plants exhibited abnormal, enlarged or mini 
chloroplasts. These altered chloroplast morphologies may have contributed to the differences 
in plant growth. Plants with mini chloroplasts displayed a terminal plant phenotype. The 
changes in chloroplast morphology were associated with changes in the thylakoid 
membranes, which included novel thylakoid architectures associated with ftsZ genotypes. In 
addition, plants with mini chloroplasts also appeared to differentially express stress related 
proteins. 
2.4.1 Plant growth is affected by chloroplast morphology  
Expression of the minD transgene (MindA1) resulted in significantly stunted plants with pale 
and ovate leaves. These plants had enlarged chloroplast morphologies (MCP) and likely a 
decrease in chloroplast number. Similar observations of aberrant growth in plants with 
enlarged chloroplast morphologies have previously been published (Fujiwara, Hashimoto et 
al. 2008, Fujiwara, Kojo et al. 2015, Fujiwara, Yasuzawa et al. 2017), although the plant 
phenotype was not examined in detail. The chloroplast morphologies and plant phenotypes 
produced here, are similar to plants produced with chloroplast membrane mutations, for 
example, msl2msl3 double mutants (genes for mechanosensory ion channel proteins 
embedded in the chloroplast envelope) (Luesse, Wilson et al. 2015) and crl mutants (gene 
encoding the crumpled leaf protein found in the chloroplast outer envelope membrane) 
(Hudik, Yoshioka et al. 2014, Luesse, Wilson et al. 2015). This suggests that changes to the 
chloroplast membranes may have similar ectopic effects shown by the plant phenotype.  
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It was found that changes in minD expression, as distinct from ftsZ, resulted in chloroplasts 
approximately 50 times larger than those in WT plants. When chloroplast division was 
adversely affected, chloroplasts continued to grow likely from the compensation mechanisms 
during cellular expansion (Figure 9B), as indicated by the enlarged macro chloroplast 
morphology. The enlarged chloroplast morphology was similar that seen in analogous N. 
tabacum plants, in work previously published (Chikkala, Nugent et al. 2012, Chikkala, Nugent 
et al. 2013), however, the stunted plant phenotype was very different. The influences of minD 
on chloroplast morphology and plant growth are likely dependent on many factors, such as 
the expression of the gene or protein, as well as interactions with the remainder of chloroplast 
division factors. 
When the minD transgene was expressed, the resulting chloroplast morphology was the 
largest among the transgenic plant groups, but plant growth was adversely affected. When 
the minD transgenic plants were grown in vitro with a carbon source, plant growth was 
normal.  The minD plant group appeared sensitive to soil conditions and ambient strains, such 
as: light, temperature and soil nutrient availability. Previous work with minD transgenic plants 
have shown that the plant phenotype can adversely grow and produce pale leaves (Dinkins, 
Reddy et al. 2001). The authors suggested that the aberrant plant phenotype may have fewer 
P680 Photosystem II (PSII) proteins, which in turn produces a pale leaf phenotype and slower 
growth due to lower photosynthetic output (Dinkins, Reddy et al. 2001). Changes in the 
photosynthetic centres would infer slower plant growth and may account for the differences 
between minD plant lines grown in vitro and soil. However, the link between expression of 
the chloroplast division gene and the proteins embedded in the thylakoid membranes eluded 
the present research.  
The enlarged state of the chloroplasts in the minD plants may impair photo location compared 
to plants with smaller chloroplast morphologies. Similar morphology sizes in arc6 transgenic 
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plants, are reportedly photo sensitive (Königer, Delamaide et al. 2008). These authors 
suggested that a reduced number, but large chloroplasts per cell (<9 per cell), coincided with 
inhibited or limited avoidance patterns to light intensities (Königer, Delamaide et al. 2008). In 
addition, light intensity has also been shown to damage PSII and PSI complexes, lowering the 
number of PSII complexes (Dinkins, Reddy et al. 2001). In this study plants were grown under 
relatively low light intensity (26 µmol m-2sec-1). Low light acclimation and chloroplast 
morphology, have been shown to limit photosynthetic capacity resulting in less plant growth 
(Morita and Nakamura 2012). A combination of larger chloroplast morphologies and lower 
light absorption capacity may lead to asymmetrical plant growth. FtsZ transgenic plants have 
been shown to absorb light differently, depending on chloroplast size (Jeong, Park et al. 2002). 
To completely understand the mechanisms involved with light responsive factors in minD 
transgenic plants and the link between morphology size and movement, further analyses are 
required.  
Plants with ftsZ-derived macro chloroplast morphologies grew normally, except for a single 
plant phenotype that grew twice as fast as the WT plant (Figure 6). The chloroplast 
morphology was similar to the morphologies published previously (Osteryoung, Stokes et al. 
1998, Yoder, Kadirjan-Kalbach et al. 2007, Chikkala 2009, Schmitz, Glynn et al. 2009, Johnson, 
Shaik et al. 2015). The accelerated growth of the FtszA1-4 plants, may not be correlated to the 
chloroplast morphology or ftsZ expression, as there is evidence that FTSZ proteins are not 
singularly essential for chloroplast partitioning or required during early stages of plant 
development (McAndrew, Froehlich et al. 2001, Yoder, Kadirjan-Kalbach et al. 2007, Schmitz, 
Glynn et al. 2009, TerBush and Osteryoung 2012, Miyagishima 2014).  The non-essential role 
of FTSZ proteins during plant development has been observed in plant cells that contain a 
single plastid (Osteryoung, Stokes et al. 1998), null mutants (Schmitz, Glynn et al. 2009), and 
exemplified by the absence of FTSZ proteins in non-photosynthetic plastid division 
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(Miyagishima 2014). These examples all provide evidence of chloroplast continuity and 
growth of healthy plants, despite changes in ftsZ expression, indicating that ftsZ-derived 
chloroplast morphologies had minimal effect toward overall plant phenotype and 
development. 
2.4.2 The thylakoid membranes are affected by changes to the chloroplast morphology 
Changes in the capacity to absorb light and changes in plant growth, resulting from alterations 
to the chloroplast morphology, can be related to observed changes of the thylakoid 
membranes. The thylakoid membranes develop during photomorphogenesis, a complex 
process, the result of a mixture of signals and chemical pathways in response to light 
(Rudowska, Gieczewska et al. 2012, Møller, Maple et al. 2014). Alternatively, the thylakoid 
membranes may partially develop during skotomorphogenesis, as protoplasts and etioplasts 
transition from dark to light (Møller, Maple et al. 2014). Mature photosynthetic thylakoid 
membranes are commonly observed in chloroplasts, resulting from either of these processes, 
and therefore observations of different chloroplast morphologies were used to identify 
changes in the development of the thylakoid membranes. 
The thylakoid lamellae in the minD chloroplast morphology appeared dissociated between the 
densely stacked grana, which were honeycomb shaped and evenly distributed throughout the 
chloroplast stroma. As the chloroplasts expanded, development of the thylakoid membranes 
appeared unaltered, although the honeycomb shaped grana membranes do resemble those 
commonly observed in plants grown under low light (Jeong, Park et al. 2002, II and Webber 
2005, Lopez-Juez 2007, Morita and Nakamura 2012). Similar changes to the thylakoid 
membranes have been previously shown to also have an increased number of the light 
harvesting complexes II (LHCII) (Pribil, Labs et al. 2014, Rast, Heinz et al. 2015), however, this 
is contrary to an earlier report whereby a similar thylakoid morphology observed in a minD 
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plant phenotype was suggested to have a decrease in the number of PSII complexes (Dinkins, 
Reddy et al. 2001). The minD transgenic plants in the current study may have an altered 
number of LHCII and PSII complexes due to the changes in the thylakoid membranes present 
in the altered chloroplast morphology. Additionally, the increased grana number may 
highlight a compensatory mechanism in response to low light stimuli, to increase the number 
of PSII complexes embedded in each membrane stack, although, this was not investigated.  
Increased grana density was also shown in ftsZ macro chloroplast morphologies; however, 
chloroplast expansion was not correlated with grana density, and the changes in the 
thylakoids did not increase grana number. Instead, overexpression of the ftsZ gene resulted 
in the occurrence of several novel thylakoid conformations, with bridged connections from 
the IEM, and hexagonal membrane-to-membrane interactions extended along the stromal 
matrix. These observations were unexpected, considering the ftsZ plant phenotype was like 
WT, despite having unique thylakoid differences. Interestingly, connections between the IEM 
and the thylakoid membranes are usually only present during thylakoid biogenesis, from one 
of several modelled pathways (Bastien, Botella et al. 2016). One example involves 
monogalactosydiacylgylcerol (MGDG) hexagonal II and other lipoproteins (IM30, MGD1 and 
DGDG), which form similar micro hexagonal formations enveloped by thylakoid membranes. 
However, these formations are observed at a proteomic level in contrast to the structural-
level reported here. Thus, it is not certain these lipoproteins are involved with the novel 
thylakoids, though the structural similarities between the observed membranes and protein 
formations are apparent.  
The novel hexagonal thylakoid conformations observed are structurally similar to the 
paracrystalline prolamellar bodies (PLB) found in etioplasts as they transition to chloroplasts 
(Kowalewska, Mazur et al. 2016). PLB-like structures  or prothylakoids, are precursors needed 
for mature thylakoid membrane biogenesis (Kowalewska, Mazur et al. 2016). Interestingly, 
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present samples contained differentiated grana, a sign of mature thylakoid membrane and 
PLB-like structures. As such, the novel thylakoid morphologies may define the chloroplasts as 
etio-chloroplasts (Solymosi and Aronsson 2013). Etio-chloroplasts are more prevalent when 
plants are grown under low light intensity (Solymosi and Schoefs 2010, Solymosi and Aronsson 
2013, Kowalewska, Mazur et al. 2016), and are an alternative pathway from proplastid-to-
chloroplast differentiation. Although the membrane structures tentatively resemble etio-
chloroplast PLBs, this remained inconclusive and requires further examination to understand 
this natural or artificial transition. 
Artificial transitions can also appear as a result of FTSZ protein interactions with the thylakoid 
membranes, forming bifurcate archetypes as an indirect secondary interaction (Rast, Heinz et 
al. 2015). This interaction has been reported with ftsZ1 mutants that accumulated FTSZ 
protein in thylakoid fractions (El-Kafafi, Karamoko et al. 2008). In brief, the FTSZ orthologs 
were present in the IEM, stroma and thylakoid fractions, suggesting a topological effect on 
thylakoid partitioning due to chloroplast division proteins (Karamoko, El-Kafafi et al. 2011). By 
contrast, the pseudo-membrane architecture observed in this chapter was only evident in 
chloroplast morphologies that were generated from altered ftsZ expression. The structures 
were different to those described earlier, as the membranes did not form hexagonal patterns. 
The novel bifurcate formations, like the hexagonal membranes, did not appear to affect the 
chloroplast membrane integrity. Additional structural analyses and analysis of the protein 
content of the different thylakoid membranes are required to elucidate if the thylakoid 
conformations are the result of interactions with the FTSZ proteins. However, this hypothesis 
remains to be tested. 
Collectively, the plasticity of the thylakoid membranes is the result of a complex system of 
internal and external cues that are not fully understood (Møller, Maple et al. 2014, Pribil, Labs 
et al. 2014, Rast, Heinz et al. 2015, Bastien, Botella et al. 2016). The few examples presented 
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here, demonstrate the plasticity of thylakoid membranes in response to chloroplast 
morphology. Other factors such as internal cytokinin pathways, have multiple links to gene, 
protein and hormone expression pathways, with chloroplast and thylakoid effects (Cortleven 
and Schmülling 2015). For example, BAP influences biosynthesis pathways and differentiation 
of the PLBs in etioplasts, and can result in the formation of bi-thylakoid membranes (Cortleven 
and Schmülling 2015). The plasticity of the thylakoid membranes was clearly linked to 
chloroplast morphology, but the mechanisms underlining this relationship are unclear. 
2.4.3 Mini chloroplast morphologies result in terminal plant phenotypes 
Most studies of plants with altered chloroplast morphology have focused on the molecular 
characterisation of the genes and proteins involved in division of macro chloroplasts 
(Osteryoung and McAndrew 2001, Basak and Moller 2013, Maple-Grødem and Raynaud 2014, 
MacCready, Schossau et al. 2017). By contrast, the effects of mini chloroplast morphologies 
with altered FTSZ or MIND levels that result in deleterious plant phenotypes and are 
undescribed. As such, the mini chloroplast plants generated in this chapter provided limited 
but insightful morphological changes to the chloroplast that may be linked to senescence-like 
traits observed in the plant. Observing these changes may help elucidate the importance of 
chloroplast morphology during plant growth and development. 
Mini chloroplasts arose from two pathways, changed expression of ftsZ1 or minD. Both 
morphologies were similar to those previously characterised with altered expression of ftsZ 
(Reddy, Dinkins et al. 2002, Fujiwara, Hashimoto et al. 2008), and analogous with 
overexpressed minD plant lines (Colletti, Tattersall et al. 2000, Fujiwara, Nakamura et al. 2004, 
Chikkala, Nugent et al. 2012). These examples suggested that mini chloroplasts arise from 
asymmetrical or multiple ring displacement, unbiased to ftsZ or minD expression. 
Furthermore, the phenomenon of multiple division events occurring from multiple division 
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rings was observed recently among minD mutants in Arabidopsis (Fujiwara, Yasuzawa et al. 
2017). Despite recent observations identifying more asymmetrical morphologies, both mini 
and macro, there still resides a gap in our understanding how mini chloroplasts affect plant 
viability. 
It could be hypothesised that decreased chloroplast size, with an increased number, should 
benefit plant growth, as smaller chloroplasts reposition to light stimuli more readily (Jeong, 
Park et al. 2002, II and Webber 2005, Königer, Delamaide et al. 2008). Although the increased 
number is limited to the volume area of the cell (II and Webber 2005), as observed in macro 
chloroplasts that occupy the same cytoplasmic area but appear in less number. However, the 
mini chloroplast morphology did not increase in number per cell area and resulted in a 
deleterious plant phenotype. This may be due to having a decreased volume of chloroplasts 
per cell area or reflective of the photosynthetic capacity of the chloroplasts after division. 
It is likely the mini chloroplast morphologies are non-viable chloroplasts with impaired 
photosynthetic function after division. Non-viable plastids have previously been observed to 
occur from asymmetrical division (Osteryoung and Pyke 2014). The impaired photosynthetic 
capacity of these non-viable chloroplasts, are thought to derive from the inefficient replication 
of the chloroplasts genome, which transcribes the photosynthetic genes (Garton, Knight et al. 
2007). Therefore, the aberrant division processes that result in the mini chloroplast 
morphology may be inefficiently timed with replication of the chloroplast genome and 
transcription machinery required for function. 
2.4.4 Diverse thylakoid membrane plasticity observed amongst mini chloroplast 
phenotypes, possibly caused by shifts in structural proteins 
Mini chloroplasts are the result of ring displacement from the organelle midpoint, or the 
presence of multiple division rings. Multiple stromal division rings impact thylakoid membrane 
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biogenesis and partitioning. The thylakoid membranes were observed sparse with no distinct 
grana in several of the mini chloroplast plants. Interestingly, these structural arrangements of 
the thylakoid membranes were like glk1 and glk2 mutants (W., J. et al. 2002, Waters, Wang et 
al. 2009) that lack genes for chlorophyll biosynthesis. Although chlorophyll was not specifically 
analysed, bleached plant phenotypes were observed in all mini chloroplast plant lines. The 
appearance of sparse thylakoid membranes in these plants may indicate a decrease in LHC 
and PSII protein complexes that are part of the photosynthetic apparatus, and transfer energy 
from chlorophyll (Koochak, Li et al. 2017). However, both quantitative and qualitative analyses 
of the protein complexes and chlorophyll content are required to elucidate. 
In a single mini chloroplast line there were unique thylakoid membranes that did not form 
grana. The arrangement of linear thylakoid membranes may be caused by a change in the 
number of protein complexes along the membranes or precursor proteins required for 
membrane curvature. For example, pseudo-thylakoid membranes that never form grana 
result from inhibited curvature proteins.  In plants, the protein CURVATURE THYLAKOID1 
(CURT1) are found enriched in grana margins (Armbruster, Labs et al. 2013). CURT1 oligomers 
are dose-dependent marginal control factors responsible for the curvature of the thylakoid 
granum, promoting the plasticity of grana architecture (Armbruster, Labs et al. 2013, Pribil, 
Labs et al. 2014). Morphologies lacking expression of the curt1abcd genes form linear 
thylakoid lamellae (Armbruster, Labs et al. 2013), similar to those reported in the present 
research. Additionally, these membrane changes can alter the composition of photosynthetic 
proteins and result in non-viable chloroplasts. Therefore, the expression of the curvature 
proteins in the mini chloroplast morphologies is a critical area of future research.  
How division and subsequent proliferation of these chloroplast morphologies occur during 
early differentiation and development in plantlets has eluded explanation, considering 
membrane curvature precedes pro-thylakoid membrane differentiation in etioplasts (Pribil, 
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Labs et al. 2014). An explanation may involve FTSZ2 as an important division protein of small 
chloroplasts during early chloroplast biogenesis (Yoder, Kadirjan-Kalbach et al. 2007). Mini 
chloroplast morphologies during early biogenesis could be maintained by FTSZ2 and incur 
developmental problems via intrinsic changes to FTSZ1 later (Yoder, Kadirjan-Kalbach et al. 
2007). Further observations during development, particularly plastid maturation from 
proplastid-to-chloroplast, should be undertaken to uncover the importance of FTSZ orthologs 
during plastid transitions. 
2.4.5 Identification of stress-related proteins in terminal chloroplast morphologies 
Stress related proteins were differentially expressed between mini chloroplast and WT plants. 
A sample of the proteins that were separated via 1D gel electrophoresis (Table 2) was 
identified via soft ionisation MALDI-TOF MS. This technique was previously used to identify 
protein expression patterns after division of chloroplasts (Yoshida, Kuroiwa et al. 2010).  
2.4.5.1 Multilevel protein changes in mini chloroplasts accorded to J-domain conserved 
proteins 
One of the most significant proteins identified via MALDI-TOF/MASCOT, was a DNAJ homolog. 
The DNAJ peptides were isolated from a mini chloroplast line, but visually absent in other mini 
chloroplast lines (Table 2). The DNAJ homologs infer pleotropic effects in vascular plants 
(Bukau and Horwich 1998, Wang, Vinocur et al. 2004, Aldridge, Maple et al. 2005), are found 
enriched in the thylakoid lumen proteome (Friso, Giacomelli et al. 2004) and to some degree 
are associated with membrane bound division proteins (Koksharova and Wolk 2002, Vitha, 
Froehlich et al. 2003, Lutkenhaus 2007). The diverse functions are mediated via a conserved 
77 aa J-domain, a domain found in HSP40 (Heat-shock protein) co-chaperone proteins that 
interact with HSP70 chaperones (Bukau and Horwich 1998), regulating protein folding in 
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response to multiple stress factors (Jacob, Hirt et al. 2017). It was hypothesised that changes 
in the expression of DNAJ homologs in the mini chloroplast morphologies may result in a 
diminished response to immediate cell strain, cellular protein function or protein miss folding, 
or thylakoid biogenesis.  
2.4.5.2 Multilevel protein changes in mini chloroplasts may be from changes to 
phosphatases 
A peptide of interest, involved in modulating other proteins, was phosphatase methylesterase 
1- like isoform X1 (PME-1) (Table 4). Notably, this peptide was enriched in mini chloroplast 
lines (Table 2). PME-1 are associated with Protein Phosphatase 2A (PP2A), an important 
mediator of stress responses in plants (Durian, Rahikainen et al. 2016). The holoenzyme is 
composed of subunits (A, B and C with multiple subfamilies numerically labelled) (Durian, 
Rahikainen et al. 2016) and highly conserved in plants. Together PP2A/PME-1 are multi-level 
functioning proteins regulating various abiotic and biotic stress responses, plant immunity, 
primary and secondary metabolism, and cell death (Durian, Rahikainen et al. 2016). This 
relationship is regulated through methylation of PP2A catalytic subunits that are reversible by 
PME-1 binding to active sites and triggering conformational change of PP2A. This stabilises 
PP2A core catalytic subunits via inactivation. Knockdown or overexpression the PP2A core 
catalytic subunits can result in detrimental plant phenotypes (Lillo, Kataya et al. 2014), similar 
to the mini chloroplast plants in the present study. It could be postulated that PME-1 and 
DNAJ are indicators of multi-level stress in mini chloroplast morphologies, however, the exact 
involvement of either protein was not defined, and rather postulated that they are associated 
with terminal plant phenotypes found in the mini chloroplast lines. 
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2.4.5.3 ABA-mediated responses regulated via G family protein expression in mini 
chloroplasts  
Like PME-1, the identification of an ABC transporter member 15-like protein (Table 3) may be 
linked to stress related responses in mini chloroplast plants. ABC transporters comprise of a 
superfamily of membrane-bound proteins broadly categorised as import and export proteins, 
with a diverse function in plant resistance and stress tolerance, mediated through auxin-
related signalling (Verrier, Bird et al. 2008). The G protein family regulate ABA levels via key 
importers/ exporters of the hormone during development and stress response (Kang, Park et 
al. 2011, Ji, Peng et al. 2014). Therefore, it was suggested that deficient G family ABC 
transporters may interfere indirectly with root formation, stunting growth and conferring 
senescence, via ABA- protein function. Endogenous ABA levels may contribute to the lack of 
growth expansion in mature mini chloroplasts in plants or because of.  
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2.5 Conclusion 
Different chloroplast morphologies were generated via overexpression of ftsZ or minD plastid 
division genes. Inhibited function of the plastid division proteins, from overexpression of the 
minD transgene, resulted in arrested plastid division, and the generation of macro chloroplast 
morphologies. The plant phenotype was shown to have stunted growth in response to the 
enlarged chloroplasts. The macro chloroplasts inferred changes to the thylakoid membranes 
that formed multiple honeycomb shaped grana that were attributed to the immobility of the 
chloroplasts to reposition toward light stimuli. The thylakoid morphology was similar to that 
seen in plants grown under low light. Plants with overexpression of the ftsZ transgene 
developed novel thylakoid ultra-structures, tentatively suggesting an interaction between the 
thylakoid membranes and FTSZ proteins. Decreased expression of ftsZ (data not shown) 
resulted in mini chloroplast morphologies with thin stacked grana or obsolete thylakoid 
granum curvature, which was detrimental to plant development. However, whether the mini 
chloroplast morphology or thylakoid membrane structures were the cause or result of the 
plant phenotype remained unclear.  Further investigation of the expressed proteins in the 
mini chloroplast plants was undertaken. 
Analysis of peptides isolated from mini chloroplast lines via MALDI-TOF MS (Table 2), 
identified several proteins involved in modulating divisional proteins, stress-related proteins 
and auxin signal pathways (Tables 3 & 4). The conserved J-domain of the DNAJ co-chaperones 
and the identification of PME-1 indicated multi-level disruption in mini chloroplast lines. In 
addition, an ABC G family transporter was identified, which may indicate deficient ABA 
modulation. Collectively, the protein data suggested a breakdown of signal pathways involved 
in stress responses, downstream of changes to chloroplast morphology, which resulted in 
stunted growth and senescence-like plant traits.   
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CHAPTER 3  
INVESTIGATION INTO THE EXPRESSION 
OF CHLOROPLAST ENCODED GENES IN 
MINI CHLOROPLAST PLANT 
PHENOTYPES 
3.1 Introduction 
Plant development is regulated by the cell cycle, which in turn regulates the timing of 
chloroplast division and the endoduplication of the chloroplast genetic material in order to 
maintain normal gene expression patterns important for chloroplast function (Kawade, 
Horiguchi et al. 2013, Polyn, Willems et al. 2015, Pedroza-Garcia, Domenichini et al. 2016). 
Normal chloroplast function is important for plant development and some patterns of gene 
expression during the division processes that are apart of plant development, have been 
elucidated using the red algae Cyanidioschyzon merolae (Fujiwara, Misumi et al. 2009) and 
Arabidopsis (Andriankaja, Dhondt et al. 2012). However, changes to the expression of the 
plastid division genes can result in abnormal chloroplast function and altered plant 
development. 
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When the plastid division genes are expressed differently, a variety of chloroplast 
morphologies are generated that disrupt genes transcribed in the chloroplast, which in turn 
affect photosynthesis, having detrimental effects on plant development. For example, 
changes to chloroplast morphology in Arabidopsis due to altered gene expression of either, 
arc3, arc11, or arc5, result in different gene expression patterns between plant phenotypes 
(Maple, Winge et al. 2011). This study found that three hundred and eighty genes were altered 
between the different chloroplast morphologies, resulting in 45% down regulated and 55% up 
regulated genes, and interestingly only 1 gene commonly expressed between all three 
morphologies (Maple, Winge et al. 2011). The study highlighted the importance of 
maintaining normal chloroplast morphology and size during plant development, however, the 
morphologies analysed were predominately associated with macro chloroplasts, and while 
this study demonstrated transgenic plants with similar phenotypes with markedly different 
patterns of gene expression, it did not examine changes associated with mini chloroplast 
morphologies.  
This chapter reports work that investigated plants with mini chloroplast morphologies; 
morphologies characterised by a detrimental plant phenotype. The mini chloroplast 
morphology was generated from the heterologous expression of either ftsZ or minD plastid 
division genes. Using a limited but chloroplast-specific approach, the pilot research was 
intended to unveil specific changes in the expression patterns of chloroplast encoded genes. 
This approach was undertaken as the chloroplast is the primary point of change resulting from 
the altered expression of either the ftsZ or minD transgene. The research sought to: 
• Compare changes in expression patterns of genes encoded in the chloroplast in 
response to the detrimental plant phenotype.  
• Investigate any correlation in the expression patterns of genes dependent on the 
expression of the chloroplast polymerase subunit genes.
 81 | P a g e  
 
3.2 Material and methods 
3.2.1 RNA isolation 
All equipment was treated with DEPC prior to use. RNA was isolated from 100 mg of N. 
tabacum leaf material from the transgenic lines: FtszA2, FtszA3, FtszA4, MindA2 and MindA3, 
which was frozen in liquid nitrogen and ground in a mortar. This process was repeated 2-3 
times until the leaf material was a fine powder. TRIzol® reagent (Thermo Fisher Scientific™) 
was added to each sample to a final ratio of 1 mL per 100 mg of tissue. Samples were inverted 
several times and rested at room temperature for 2 min. Samples were then centrifuged at 
2000 rpm for 20 min at 4°C, the top aqueous phase removed to a fresh tube and an equal 
volume of chloroform added. Samples were briefly mixed by vortex and centrifuged at 
maximum speed for 10 min at 4°C, dispensing an aliquot of the top phase into a fresh tube. 
To the tube, 0.25 mL (per mL of sample) of isopropanol was added and mixed. Tubes were 
then incubated at -20°C for 10-15 min and centrifuged at 16,000 x g for 10 min at 4°C. The 
resultant pellet was washed with filter-sterilized DEPC treated 70% ethanol and dried in a 
laminar flow cabinet. The RNA pellet was dissolved in 50 µL of sterile water or TE0.01 buffer (pH 
8), and the RNA integrity was examined via gel electrophoresis, comparing the band intensity 
of the 28S:18S RNA, before being stored at -20°C. 
3.2.2 cDNA synthesis 
Genomic DNA (gDNA) removal mixture (Qiagen) was added to the RNA samples, and the 
samples incubated for 5 min at 42°C. First strand cDNA synthesis was performed with 1 µg of 
RNA with a QuantiTect® Reverse Transcription Kit (Qiagen), optimised for high cDNA yields 
with a random primer mix. Sample mixtures were incubated for 20 min at 42°C, as per the 
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Quick-Start protocol (Qiagen). Inactivation of the Quantiscript Reverse Transcriptase (Qiagen) 
was carried out at 93-95°C for 3 min. No more than 1/10 of the final RT-PCR reaction was used 
for gene expression analysis, and the remainder of cDNA samples were stored at -20°C.  
3.2.3 Primer design  
Oligonucleotides were designed based on NCBI Reference Sequences (RefSeq) listed from the 
N. tabacum chloroplast genome (NC_001879.2). Template mRNA sequences, in silico, were 
evaluated by Primer3 and NCBI primer design software. Primers were designed with a melting 
temperature of 52-54°C, a GC content of 40-80% and a maximum amplification length of 300 
bp. Primer pairs were homologous with important photosynthetic-associated and chloroplast 
polymerase subunit genes: psaA, psaB, psbA, psbB, psbC, rbcL, rpoA, rpoB and ndhH, and 
tested for correct amplification using gDNA. Oligonucleotides used for the normalisation of 
expressed genes were designed from a previous housekeeping gene pool (HK) (Schmidt and 
Delaney 2010). Full list of designed primers is included in Appendix B1. 
3.2.4 Semi-quantitative RT-PCR 
Polymerase chain reactions were carried out using a G-storm Thermal Cycler (Gene 
Technologies Ltd.) and Taq polymerase in a Gotaq® Master Mix (Promega). One microliter of 
cDNA (approx. 100 ng/µL) was added to a final reaction volume of 20 µL. The remainder of 
the mix was made accorded to Gotaq® Master Mix (Promega) protocol and the amplification 
conditions were as followed: initial denaturation at 95°C for 2 min, 25-30 cycles of 
denaturation at 95°C for 20 sec, annealing at 50-52°C for 20 sec and extension at 72°C for 1 
min, followed by a final extension at 72°C for 7 min. Amplicons were screened in 1% agarose 
gel stained with EtBr [10 mg/mL], and separated via electrophoresis at 90 V for 30-40 min 
using a Basic Powerpac™ (300 V, 400 mA, 75 W) (Bio-rad Laboratories Inc. Laboratories Inc.). 
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3.2.5 qRT-PCR  
Quantitative real-time reverse-transcription polymerase chain reactions (qRT-PCR) were 
carried out using a Rotor-Gene Q (Qiagen). Reactions were established in 10 µL SYBR Green 
Master Mix (Life Technologies®), with 2 µL forward primer and reverse primer [10 µM] and 1 
µL of cDNA in a final volume of 20 µL. Relative gene expression was normalised to a HK gene 
and compared between targets.  Quantitative PCR efficiency (E) was determined by linear 
regression, for each gene tested (where -0.9 < E < -1.2) (Livak and Schmittgen 2001). Primer 
specificity and integrity was evaluated post-run via melt curves. Standard curves for each gene 
were generated using a 10-fold dilution, with a minimal 5 standard values. Reactions were 
performed in triplicates and compared by two independent tests. The rpoB gene was excluded 
from 2-ΔΔCt calculated results due to insignificant amplified copies in the WT and mini 
chloroplast samples. 
3.2.6 Statistics and data analyses 
Statistical analyses were carried out using GraphPad Prism® 7 software Inc. Data was subject 
to the D’Agostino and Pearson normality test (D'Agostino, Belanger et al. 1990) and compared 
by one-way ANOVA, and multiple comparisons tests (Tukey 1949, Dunnett 1955), for 2-ΔΔCt 
values against a p-value <0.01 (*), < 0.05 (**), < 0.001 (***) and <0.0001 (****). 
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3.3 Results 
3.3.1 Gene expression patterns between mini chloroplast plant phenotypes 
It was shown that the expression levels of those chloroplast genes examined in this study were 
down regulated after 7 d from initial sub-culture (Figure 15). As the plant phenotypes were 
sensitive (Chapter 2), gene expression was examined before and after sub culturing. The 
photosynthetic apoprotein encoding genes, psaB, psbB, and psbC, in addition to rbcL and 
ndhH were the most down regulated after this period. However, the psaA and psbA genes, 
which also encode part of the photosynthetic apoproteins, were the two least affected genes. 
The initial expression level of the genes encoding the polymerase subunits rpoA and rpoB, 
varied between the different mini chloroplast morphologies, with the exception being the 
FtszA2 plant (Figure 15). However, upon closer examination, subsequent down regulation of 
the two polymerase subunit genes occurred after 7 d for the FtszA2 plant (Figure 15B). 
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Figure 15: Expression patterns of chloroplast encoded genes for mini chloroplast plant phenotypes prior to subculture (A) and 7 d after subculture (B). The 
HK gene is the nuclear encoded rpl25 gene. No template control (NTC) included. Approx. 100 ng/µL of initial cDNA from each plant phenotype was 
amplified over 30 cycles and the expression of each gene compared to the ‘normalised’ expression seen in WT.
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The levels of chloroplast gene expression shown in Figure 15B were quantified by qPCR, to 
numerically examine the differences in the expression of the chloroplast genes between the 
plant phenotypes (Figure 16A). Expression for the gene (y-axis) in the plant phenotype (x-axis) 
was normalised accorded to the expression levels in WT, where normal expression was 
defined at 1.0 (Figure 16A). Decreased expression for each is shown in red where the darker 
the shade of red indicates lower expression or increased difference from 1.0. Expression data 
was then converted to relative abundance or fold change to determine the severity of 
decreased expression levels in the detrimental mini chloroplast phenotypes accorded to WT 
gene expression patterns (Figure 16B). 
Significant differences were recorded for the expression of most genes when compared with 
WT gene expression levels. The MindA3 plant phenotype contained the most significantly 
down regulated genes (p<0.0001) that ranged between 3- 28-fold less than WT (Figure 16B). 
From the chloroplast encoded genes examined, the apoprotein encoding genes (psa) 
exhibited the highest fold change. The rbcL and rpoA gene transcripts, from the FtszA2 and 
FtszA4 plant phenotypes were the least affected (Figure 16B). The data suggests that the 
expression of the polymerase was slightly impaired and that some of the core photosynthetic 
subunit genes, which are transcribed by the polymerase, were also affected. 
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Figure 16: Expression patterns and the relative transcript abundance of chloroplast encoded 
genes between plant phenotypes relative to WT. Expression of each gene, where normal 
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expression for each gene=1.0; darker shade of red indicates lower expression of the gene 
(y-axis) for the plant phenotype (x-axis) relative to WT (A). The relative transcript abundance 
(B) of each gene was calculated using mean 2ΔΔCT values and normalised with the expression 
of the gene in WT; 0 indicates no fold change. There was a significant difference (alpha<0.01) 
for the relative fold abundance of each gene for all samples, with the exception for 
expression of the rpoA gene in FtszA2 and FtszA4. 
3.3.2 Significant differences in chloroplast expressed genes between different mini 
chloroplast plant phenotypes 
Expression of the chloroplast encoded genes from different mini chloroplast morphologies 
were further examined for any relationship between the expression of the gene and the plant 
phenotype (Table 5). The expression of the three genes, psaA, rbcL and rpoA were significantly 
different between the mini chloroplast plant phenotypes. The most significant difference in 
gene expression was rpoA (p< 0.01) between the FtszA3 & FtszA4, and FtszA4 & MindA3 plant 
phenotypes (Table 5). Between the FtszA3 and FtszA4 plants, expression of the rpoA gene 
correlated with a significant difference in expression of the rbcL gene, although expression of 
the rbcL gene was also significantly different between FtsZA2 & FtszA3, and FtszF8 & MindM13 
plant phenotypes (Table 5). Expression of the psaA gene was only significantly different 
between the FtszA2 & MindA3 plant phenotypes. 
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Table 5: Significantly different expression of chloroplast encoded genes between different 
mini chloroplast plant phenotypes. Statistical inferences were concluded using the 2ΔΔCT 
values and when p< 0.05.  
Chloroplast 
encoded genes 
Mini chloroplast plant 
Significant 
difference 
P value 
psaA 
 
FtszA2 vs. MindA3 
 
Yes 0.0290 
rbcL 
FtszA2 vs. FtszA3 
 
Yes 
0.0411 
 
FtszA2 vs. MindA3 
 
Yes 
0.0105 
 
FtszA3vs. FtszA4 
 
Yes 
0.0448 
 
FtszF8 vs. MindA3 
 
Yes 
0.0010 
 
rpoA 
FtszA3vs.  FtszA4 
 
Yes 
0.0014 
 
FtszA4 vs. MindA2 
 
Yes 
0.0487 
 
FtszA4 vs. MindA3 
 
Yes 
 
0.0010 
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3.4 Discussion 
3.4.1 Changes in expression patterns of chloroplast encoded genes between different 
plant phenotypes are linked to changes to the transcription of the polymerase 
subunit genes  
Differences in the transcript levels for several chloroplasts encoded genes between the mini 
chloroplast plant phenotypes were investigated. The research found that several genes 
involved in photosynthetic function in the chloroplast were down regulated. These included 
the genes, psaA (PSI P700 light harvesting complex subunit gene), rbcL (large subunit RuBisCo 
gene) and rpoA (RNA polymerase gene). Markedly lowered expression of these genes could, 
in part, be responsible for the senescent phenotypes and retarded growth observed in the 
mini chloroplast plants. 
Plants expressing the minD transgene that generated mini chloroplasts, such as MindA3, 
showed the largest fold decrease in expression of the chloroplast encoded genes, although 
this was a single gene. Expression of the psaA and rbcL genes in the MindA3 plant could result 
from changes in expression of the rpoA gene. Chloroplast encoded genes are transcribed by 
two types of RNA polymerase, one plastid (PEP) and a phage-type nuclear encoded 
polymerases (NEP) (Pfannschmidt, Blanvillain et al. 2015). The genes, rpoA, rpoB, rpoC1 and 
rpoC2 encode subunits for the PEP (Serino and Maliga 1998, Liere and Maliga 2004, Bräutigam, 
Dietzel et al. 2007, Møller, Maple et al. 2014, Pfannschmidt, Blanvillain et al. 2015), which in 
turn is transcribed by the NEP. Therefore, transcription of the PEP subunit genes is dependent 
on the nucleus of the plant cell that receives signals from the chloroplast, suggesting that 
changes to the chloroplast may affect transcription of genes in the nucleus. 
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Changes to RNA polymerase subunit genes, generating rpoB null mutants in N. tabacum, has 
been previously shown to affect the plant phenotype resulting from changes in expression of 
photosynthetic genes (Allison, Simon et al. 1996, Hajdukiewicz, Allison et al. 1997). Their 
studies identified the role of NEP involved in transcription of the rpo genes, which in turn 
regulates PEP transcription of the chloroplast genes. In the present study changes to the 
chloroplast morphology resulted in decreased expression of the rpoA gene and no reportable 
expression of the rpoB gene in all mini chloroplast phenotypes. This may have partially 
inhibited PEP function, resulting in slower plant growth. There is evidence in an earlier report 
that when the rpoA gene is down regulated, increased  levels of rpoB may compensate for the 
lower levels of rpoA gene expression, continuing synthesis and function of the NEP (Udy, 
Belcher et al. 2012). However, the present research did not observe any compensatory 
expression of either the rpoA or rpoB genes (Figure 15). The differences in expression of the 
rpoA and rpoB genes, may be dependent on how and when the two genes are transcribed, for 
example, the rpoB gene is transcribed in an operon with the rpoC1 and rpoC2 subunit genes 
that does not include the rpoA gene (Serino and Maliga 1998). As the different PEP subunit 
genes are transcribed at different locations in the chloroplast genome by the NEP, changes in 
chloroplast division could interrupt the timing in the transcription of the genes by the NEP. 
Expression of the rbcL gene declined with decreased expression of the rpoA gene. The 
declined expression of the rbcL gene could have resulted from decreased transcription by the 
PEP, as the rbcL operon contains a single promoter region specific for PEP binding (Valkov, 
Scotti et al. 2009). In addition to the decreased expression of the rbcL gene, transcription of 
the psaA gene was also significantly decreased in select mini chloroplast plants (Table 5). This 
may have impaired assembly of the light harvesting complexes required for growth of the 
stressed plants (Møller, Maple et al. 2014, Polyn, Willems et al. 2015). The mini chloroplast 
plant lines may have limited function of the feedback signal pathways, which are required to 
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regulate expression of chloroplast encoded genes in response to the morphological changes 
to the chloroplast. Changes to the chloroplast morphology may cause changes to PEP 
expression that limit the number of transcribed light harvesting complexes (regulated via 
psa/psb genes), which in turn contribute to changes in expression of the rpo genes (Barkan 
2011). 
3.4.2 The mini chloroplast morphology interferes with transcription of photosynthetic 
genes 
Plants grown in vitro are generally avoided from environmental or ambient stresses that alter 
the photosynthetic proteins composition along the thylakoid membranes, however, 
morphological changes to the chloroplast membranes may sensitise the photosynthetic 
protein apparatus to stresses during tissue culture. Expression of chloroplast associated genes 
were assessed 7 d after subculture, to determine how gene profiles between plants reflected 
plant well-being. Subsequently, a 28-fold change in gene expression was identified in the 
MindA3 plant phenotype. The gene expression profiles showed substantial inhibition for the 
core PSI P700 light harvesting complex (LHC) (psaA and psaB), PSII P680 light harvesting 
complex subunit gene (psbA) and electron transporter gene (ndhH). The gene expression 
differences for the PSII P680 LHC subunits, the first of two light harvesting proteins that 
promotes the beginning of the electron transport chain, meant that photosynthesis and 
derived energy molecules were impaired (Friso, Giacomelli et al. 2004, Møller, Maple et al. 
2014, Pribil, Labs et al. 2014, Rast, Heinz et al. 2015). The change in expression of the ndhH 
gene, may have comprised part of the electron transport chain along thylakoid membranes 
(Lascano, Casano et al. 2003). As such, the changes in gene profiles critical for the translation 
of photosynthetic apoproteins, likely contributed shifts in the proteins along the thylakoid 
membranes (Pribil, Labs et al. 2014), resulting in terminal plants over time.  
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In contrast to the expressed gene patterns in the MindA3 plant phenotype, MindA2 gene 
expression patterns generally exhibited lower fold changes, but did have similar changes to 
the LHC genes as MindA3. However, both MindA2 and MindA3 plant phenotypes conferred 
similar minD transgene expression profiles, with unaffected expression of the native minD 
(data not shown). It was therefore thought that expression levels of the minD gene likely 
contributed to the differences in gene expression patterns via the severity of the chloroplast 
morphology. A similar relationship between the expression of the plastid division gene and 
chloroplast gene expression profiles has been previously noted, however, the changes were 
observed in ftsZ mutants (Johnson, Shaik et al. 2015). In addition, the minD chloroplast 
mutants generated in this study were also different from the chloroplast morphologies 
previously generated via overexpression of the minD gene, of which no prior study reported 
changes in chloroplast gene expression (Dinkins, Reddy et al. 2001, Maple, Winge et al. 2011, 
Chikkala, Nugent et al. 2012). This may be the first time the minD mini chloroplast phenotype 
has been linked to down regulated chloroplast gene expression.    
Transcription of the LHC genes in the FtszA3 and FtszA4 plant phenotypes were similar to the 
gene profiles shown in the minD plant phenotypes, although the FtszA2 and FtszA3 
phenotypes conferred less ftsZ expression than the minD plants. Less expression of the psaA 
and ndhH genes, which were 2-fold different between the FtszA3 and FtszA4 plant 
phenotypes, suggested that the PSI P700 LHC and electron transporter functions were 
impaired (Rudowska, Gieczewska et al. 2012). This would result in a slower net photosynthetic 
rate and reduced growth, however, photosynthetic activity was not directly reported here, 
although reduced growth was clearly observed. The ftsZ plant phenotypes generated here 
were unlike previous the ftsZ phenotypes using a homologous expression cassette (Chikkala, 
Nugent et al. 2012). Those plants developed normally. The differences in the plant phenotypes 
between the two studies are likely due to differences in the expression of the ftsZ gene.  
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Expression of the ftsZ transgene resulted in one mini chloroplast plant, the FtszA2 phenotype. 
Macro chloroplasts are more commonly generated when the ftsZ gene is overexpressed in 
transgenic plants (Chikkala 2009), as elevated concentration of the FTSZ1 protein forms 
homopolymers that inhibit Z-ring synthesis (TerBush and Osteryoung 2012). The FtszFA2 mini 
chloroplast morphology were likely generated from the synthesis of multiple Z-rings, via slight 
elevated levels of the FTSZ protein but stays below levels that would reduce division (TerBush, 
Yoshida et al. 2013). The mini chloroplast morphology was still similar with the remainder of 
the ftsZ mini chloroplast events resulting in terminal plant phenotypes, however, initial 
examination of the chloroplast genes in the FtszA2 phenotype only showed a decrease in 
expression of the ndhH gene. This was unexpected, as all three ftsZ variants appeared 
phenotypically similar, inferring that they may have similar chloroplast gene patterns. 
Decreased expression of the ndhH gene may lead to a breakdown of electron transport, as the 
gene is importantly regulated downstream of the PSI LHC genes (Martin and Sabater 2010). 
The psaC gene is co-transcribed in the ndhH-D operon and so it was thought that decreased 
expression of the PSI genes would subsequently follow inhibition of the ndhH gene. In 
addition, higher fold changes were observed for the PSII P680 LHC genes (psbA, psbB and 
psbC) compared to the PSI P700 LHC genes (psaA and psaB) in the FtszA2 phenotype. This 
suggested that the ndhH gene was either affected downstream once transcribed, or 
transcription of the psaC gene does not directly affect psaA and psaB expression. Further 
analyses of the core PSI and PSII subunit genes and translated proteins are required to 
elucidate whether inhibition of the ndhH gene lowers net photosynthesis, possibly through 
electron leakage. 
3.4.3 Changes to chloroplast morphology inhibits leaf development  
Young leaves have proliferating areas with higher regulated chloroplast transcript patterns 
when the lamina expands, normally observed over 8-10 d during development (Andriankaja, 
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Dhondt et al. 2012). In the present study, the mini chloroplast morphology did not display 
higher transcript patterns at 7 d after subculture. At this time the leaf development, 
senescence had begun, and the plant phenotypes were stunted. The changes to the 
chloroplast morphology appeared to inhibit leaf development, although how remains unclear. 
A possible cause, could be that the changes in chloroplast division alters the endoduplication 
processes required for normal chloroplast gene expression and in turn leaf development 
(Lopez-Juez 2007, Valkov, Scotti et al. 2009, Jarvis and Lopez-Juez 2013, Pedroza-Garcia, 
Domenichini et al. 2016).  
Mini chloroplasts predominately arise from an increased division frequency, through multiple 
Z-ring formations, which is independent from of other duplication processes and in turn leads 
to the generation of plastids, assumed inactive vesicles from misplaced or inhibited plastid 
division (Osteryoung and Pyke 2014). Non-photosynthetic or reduced photosynthetic 
chloroplasts have been associated with senescence of immature leaves (Hu, Cools et al. 2016). 
This may be caused by the reduced availability of energy-rich sugars that in turn inhibit cell 
cycle progression, which stops further leaf development (Hudik, Yoshioka et al. 2014). The 
mini chloroplast morphology might be an inactive organelle that requires further investigation 
beyond this study. 
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3.5 Conclusion 
The mini chloroplast morphology generated via the heterologous expression of either the 
minD or ftsZ gene was detrimental to the expression of chloroplast encoded genes and plant 
development. It was demonstrated in the previous chapter that the mini chloroplast 
morphology leads to a progressive terminal plant phenotype. A characteristic problem of the 
mini chloroplast plant phenotype was that the plant partially develops when grown in vitro 
but could not be hardened ex vitro. In these plants the expression of a few selected chloroplast 
encoded genes was shown to be significantly decreased. Decreased expression of the 
chloroplast encoded genes was shown to coincide with the decreased expression of the rpoA 
gene that encodes a subunit for the PEP, which in turn transcribes photosynthetic genes. 
Therefore, increased frequencies of plastid division resulting in changes to the chloroplast 
morphology interrupted multicellular processes. To better understand how the chloroplast 
morphology changes gene expression pathways in the cell, a genome-wide approach using 
analytical pipelines, such as next-generation sequencing, to show the interplay of thousands 
of genes should be used to study these plant phenotypes. This approach would help elucidate 
genes involved in senescence and more importantly, signalling between the chloroplast and 
nucleus when the chloroplast morphology changes. 
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CHAPTER 4   
OVEREXPRESSION OF THE MIND 
PLASTID DIVISION GENE IN B. 
OLERACEA VAR. BOTRYTIS 
4.1  Introduction 
Approaches to plant regeneration of the vegetable Brassica species have mainly been centred 
around organogenesis (Cardoza and Stewart 2004), with more recent advances occurring in 
B. oleracea var. italica (broccoli)(Kumar and Srivastava 2016). The regeneration of B. oleracea 
var. botrytis (cauliflower), a similar and important vegetable crop valued for its edible 
inflorescence, has had limited improvements in tissue culture compared to other Brassica 
(Pareek and Chandra 1978).  
Tissue culture practices using cauliflower include the use of protoplast cultures (Chikkala, 
Nugent et al. 2009), but more predominantly work has focussed on adventitious shoot 
cultures from leaf explants (Cardoza and Stewart 2004, Chikkala, Nugent et al. 2009, Gaur and 
Srivastava 2017). However, the problem with adventitious shoot regeneration is the potential 
for somaclonal variation, which can introduce mutant genotypes, resulting in decreased plant 
vitality. A solution is to regenerate plants via somatic embryogenesis, and this has been shown 
to be possible either directly from seedling explants or indirectly from calli (Pareek and 
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Chandra 1978, Leroy, Leon et al. 2000, Cardoza and Stewart 2004, Siong, Taha et al. 2011, 
Pavlović, Vinterhalter et al. 2013).  
Somatic embryos are characterised by the presence of bipolar cell structures without a 
vascular connection to the explant source (Leroy, Leon et al. 2000). Somatic embryogenesis 
as a regeneration pathway for cauliflower plants has previously demonstrated minimal 
somaclonal variation (Leroy, Leon et al. 2000, Siong, Taha et al. 2011, Pavlović, Vinterhalter et 
al. 2013), however, regeneration results can vary dependent on explant type and plant growth 
regulators (PGR) used, for example, the use of 2, 4-D combined with a cytokinin on leaf, 
cotyledon or hypocotyl explants can lead to different frequencies of regenerated somatic 
embryos (Leroy, Leon et al. 2000, Qin, Li et al. 2007, Siong, Taha et al. 2011, Pavlović, 
Vinterhalter et al. 2013). The rate of regeneration of cauliflower are lower compared to the 
regeneration rates of broccoli, which regenerates plants within 3 weeks when using a 
combination of BAP and NAA (Qin, Li et al. 2007). Comparable rates of somatic embryogenesis 
are yet to be achieved in cauliflower, although TDZ has been shown to improve response time 
from cauliflower hypocotyls (Gaur and Srivastava 2017). An improved methodology would 
help standardise tissue culture procedures in cauliflower for future application in 
biotechnological approaches to improvement of this cultivar. 
Biotechnological approaches can also aid in improvements of agronomic traits for cauliflower, 
for example, the development of macro chloroplasts can be considered as recipients for 
chloroplast transformation studies (Chikkala, Nugent et al. 2012, Chikkala, Nugent et al. 2013). 
However, previous research when expressing a cauliflower division gene (Chikkala, Nugent et 
al. 2013) was unable to generate macro chloroplast morphologies in B.oleracea var. botrytis, 
a phenotype more commonly seen in N. tabacum (Chikkala, Nugent et al. 2012). The different 
chloroplast morphologies observed between N. tabacum and B. oleracea var. botrytis can 
result from differences in the transit peptide sequence that affects the translational efficiency 
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of the gene (Chikkala, Nugent et al. 2012, Chikkala, Nugent et al. 2013). In the previous 
chapters of the current research, differences in the chloroplast morphology, protein 
expression and gene expression patterns in the transformed plants, resulting from the 
different expression of the B. oleracea minD or ftsZ transgene in N. tabacum, were 
investigated. However, there remains a gap in the research, as to whether the macro 
chloroplast morphology could be generated in cauliflower using the B. oleracea var. botrytis 
division gene sequences reported in a previous publication (Chikkala, Nugent et al. 2013), and 
compared to the chloroplast morphology previously seen in N. tabacum. 
Gene expression can be limited by the specificity of the promoter (Chikkala, Nugent et al. 
2013). The absence of specific motifs or additional elements required for the function of the 
promoter in certain tissue or plant species can result in ectopic changes. Therefore, 
understanding the specificity of promoter core sequences between plant species can assist in 
the controlled expression of the plastid division gene, improving responses in cauliflower.  
Promoters derived from the ribulose-1,5-biphosphate carboxylase small subunit genes (rbcS), 
are a common example of tissue specific promoters used to drive heterologous expression in 
photosynthetic cells. RbcS promoters have been isolated from important agricultural crops 
including apple (Schaart, Tinnenbroek-Capel et al. 2011), Brassica napus (Nantel, Lafleur et al. 
1991), B. rapa (Anisimov, Koivu et al. 2007), tomato (Uozumi, Inoue et al. 1994) and pea 
(Kuhlemeier, Strittmatter et al. 1989). Varying lengths of rbcS promoters have been shown to 
regulate gene expression differently in apple (Schaart, Tinnenbroek-Capel et al. 2011), B. 
napus (Anisimov, Koivu et al. 2007) and poplar (Wang, Li et al. 2013). The presence of the 
necessary TATA box (transcription factor binding site), I-box, G-box, GT-1 binding site and Box-
I & II, are essential for driving gene expression in photosynthetic tissue. The isolation and 
characterisation of a new rbcS promoter from B. oleracea, contributed to the successful 
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transgene expression in cauliflower, opening avenues for research for improvement of this 
agronomic crop. 
The aims of the research in this chapter were to: 
• Establish a novel and efficient somatic embryogenesis protocol for B. oleracea var. 
botrytis. 
• Transform the cultivar with a chloroplast division expression cassette, incorporating a 
novel rbcS promoter fragment isolated from B. oleracea var. botrytis.  
• Characterise transformed lines containing different chloroplast morphologies. 
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4.2 Material and Methods 
4.2.1 Seed germination and regeneration of B. oleracea plants via somatic embryogenesis 
B. oleracea var. botrytis seeds were germinated on 2.15 g L-1 Murashige and Skoog (MS) Basal 
Salt mixture (PhytoTechnology Laboratories®) with 3% (w/v) sucrose, 0.2% (v/v) Plant 
Preservation Mixture (PPM) (PhytoTechnology Laboratories®), 4 g L-1 Gellan Gum Powder 
CulturegelTM (PhytoTechnology), and a pH 6.0. Hypocotyls ≤10 mm were excised from 7-8 d 
old germinated seedlings. Root and apical meristems were removed from the hypocotyl 
segments and a longitudinal incision made along the hypocotyl. Prepared hypocotyl explants 
were transferred MS basal salts medium with 3% (w/v) sucrose, 0.2% (v/v) PPM, 1 µM 
thidiazuron (TDZ), 23.5 µM silver nitrate (AgNO3) 4 g L-1 Gellan Gum Powder CulturegelTM 
(PhytoTechnology), pH 6.0, and the tissue regenerated for 12 d under 25 µmol m-1 sec-1 light 
with a 16 h photoperiod. 
Somatic embryos appeared along the hypocotyl explants after 10 d when cultured on medium 
IV. The hypocotyl explants with embryos were transferred to MS basal salts medium 
supplemented with 4 mg L-1 BAP and 3 mg L-1  NAA (Baskar et al. 2016), and cultured for 7-14 
d under 25 µmol m-1 sec-1 light with a 16 h photoperiod. Primary somatic embryos were 
isolated with some basal tissue still attached, and grown in vented glass jars containing MS 
basal salts medium with 3% (w/v) sucrose, supplemented with 0.1 µM abscisic acid (ABA), 23.5 
µM AgNO3, PPM (0.2% v/v), 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology), pH 
6.0, and grown under 25 µmol m-1 sec-1 light with a 16 h photoperiod. A low concentration of 
ABA was added to induce maturation of somatic embryos, promoting zygotic-like formation 
of embryos (Gaspar, Kevers et al. 1996, Leroy, Leon et al. 2000). Mature in vitro plants were 
regenerated within 3 months from germination. 
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4.2.2 Genomic DNA isolation from B. oleracea var. botrytis 
Genomic DNA was isolated from 4-week-old plants. One gram of leaf material was ground in 
2 mL of lysis buffer [20 mM Tris, pH 8.0, 20 mM of EDTA and 2 M NaCl], incubated at 85°C for 
5 min and rested on ice for 5 min. This step was repeated thrice before centrifugation at 
13,000 rpm for 10 min. The supernatant was transferred to a fresh tube, inoculated with 5- 
10 µL RNaseA [10 mg/ml] (Qiagen) and incubated for 45-60 min at 65°C. To the tube, 1/10 
final volume of 3 M sodium acetate (pH 5.0) and an equal total volume of isopropanol was 
added. Samples were chilled for 15-20 min and centrifuged at 13,000 rpm for 10 min. The 
resulting pellet was washed with 500 µL of 70% ethanol and centrifuged at 13,000 rpm for 10 
min. The supernatant was discarded, the pellet air dried and then dissolved in TE0.01 buffer [10 
mM Tris-HCl, pH 8.0 and 1 mM EDTA, pH 8.0]. Genomic DNA integrity was checked on 1.2% 
agarose gel, stained with ethidium bromide (EtBr) [10 mg ml-1]. 
4.2.3 Identifying the new rbcS promoter from the genome of B. oleracea var. botrytis 
Using the NCBI database, a blast analysis was conducted with the small subunit promoter 
sequence (pRbcS-4) from Brassica rapa (Anisimov et al. 2007), to potentially identify 
homologous promoters from B. oleracea. Two sequence regions with high homology to pRbcS-
4 were found: |BH484651| B. oleracea and |X61097.1|B. napus. An additional sequence in B. 
oleracea, gb|FI751995.1| FI751995, was identified using the J. Graig VenterTM Institute 
Brassica oleracea blast search engine (http://blast.jcvi.org/er-blast/index.cgi?project=bog1). 
CLUSTAL 2.1 Multiple Sequence Alignment (https://www.ebi.ac.uk/Tools/msa/clustalw2/) 
was then used to compare the collective of sequences for regions with high homology 
between pRbcS-4; |BH484651| (B. oleracea); |X61097.1| (B. napus) and gb|FI751995.1| 
FI751995, identifying an 892 bp consensus sequence, which contained a complete transit 
peptide sequence (406 bp).  
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4.2.4 Primer design and cloning of the rbcS promoter from the genome of B. oleracea var. 
botrytis 
Primers were designed manually and homologous to the 3’ and 5’ end of the 892 bp consensus 
sequence (see 4.2.3).  The rbcS promoter sequence was amplified from the B. oleracea var. 
botrytis genome using the forward primer [GATCATCTAGAGAAGAAAGTTAAG] and reverse 
primer [GGGCCATGGCTACTTCTTCTTCCTTCTCTT]. The forward primer introduced an XbaI 
restriction enzyme site at the 5’ end of the sequence and the reverse primer introduced an 
NcoI at the 3’ end of the sequence. Amplification was carried out using a G-storm Thermal 
Cycler (Gene Technologies Ltd.) and Taq polymerase in a Gotaq® Master Mix (Promega). One 
microliter of approx. 100 ng/µL gDNA was added to a final reaction volume of 20 µL. The 
remainder of the mix was made accorded to Gotaq® Master Mix (Promega) protocol and the 
amplification conditions were as followed: initial denaturation at 95°C for 2 min, 35 cycles of 
denaturation at 95°C for 20 sec, annealing at 50°C for 20 sec and extension at 72°C for 1 min, 
followed by a final extension at 72°C for 7 min. The 892 bp amplicon was purified using the 
Wizard® SV Gel and PCR Clean-Up System (Promega) and screened in 1% agarose gel stained 
with EtBr [10 mg ml-1], separated via electrophoresis at 90 V for 30-40 min using a Basic 
Powerpac™ (300 V, 400 mA, 75 W) (Bio-rad Laboratories Inc. Laboratories Inc.).  
4.2.5 Promoter motif analysis 
Potential motifs in the 892 bp rbcS promoter were analysed using Softberry™ Inc. software 
(http://www.softberry.com/berry.phtml?topic=case_study_plants&no_menu=on), 
determining specific regulatory elements (RE) within the sequence, and tentatively identifying 
it as a functional promoter. The list of motifs found was compared with other rbcS promoters. 
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4.2.6 Cloning the rbcS promoter into the pCR®2.1-TOPO® vector 
The 892 bp rbcS promoter fragment was cloned into the pCR®2.1-TOPO® vector and 
integration of the promoter was confirmed by restriction enzyme digest with XbaI and NcoI. 
Positive cloned sequences were sent to the Australian Genome Research Facility Ltd. for 
sequencing, along with the forward primer [GATCATCTAGAGAAGAAAGTTAAG] specific to the 
rbcS promoter, reverse primer for the rbcS promoter 
[GGGCCATGGCTACTTCTTCTTCCTTCTCTT], M13 forward flanking primer 
[GTAAAACGACGGCCAGT] and the M13 reverse flanking primer [CAGGAAACAGCTATGAC].      
4.2.7 Constructing the pNAV312 plant transformation vector  
One µg of pCR®2.1 housing the rbcS promoter, was digested overnight at 35°C with 10 U of 
the restriction enzymes, XbaI and NcoI. The promoter was separated from the pCR®2.1 vector 
by gel electrophoresis and purified using the Wizard® SV Gel and PCR Clean-Up System 
(Promega). The plasmid, pCAMBIA1305.2, was digested alongside the pCR®2.1 plasmid, 
isolating the LacZα-CamV35s promoter. The rbcS promoter (XbaI/ NcoI) was ligated with the 
vector pCAMBIA1305.2 (XbaI/ NcoI) using T4 ligase (Invitrogen) overnight at 4°C. Five 
microliters of the spliced promoter and vector ligation mix was transformed into chemically 
competent DH5α cells; the cells and pDNA were heated at 42°C for 50 sec, returned to ice for 
2 min, and the process repeated 3-4 times. The solution of cells and pDNA were then diluted 
to 10 mL with SOC medium [20 mM glucose, 2.5 mM KCL, 10 mM NaCl, 20 g L-1 tryptone and 
5 g L-1 yeast extract]. Cells in the SOC medium recovered at 35°C for 1 h, mixed at 220 rpm, 
before 100 µL was then plated on LB medium supplemented with 50 mg L-1 kanamycin and 
the transformed cells grown overnight at 35°C. Colonies were screened using PCR to amplify 
the promoter, were checked via XbaI/NcoI restriction enzyme digest and viewed in 1.2% 
agarose gel. Positive transformed plasmid was termed pNAV312. 
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4.2.8  Construction of the pNAV358 and pNAV359 Brassica transformation vectors  
The pNAV358 and pNAV359 were constructed using the pCAMBIA1305.2 vector backbone 
with the addition of the rbcS promoter and minD division gene sequences. Two micrograms 
of pCAMBIA1305.2 was digested with 20 U of restriction enzymes, NcoI and PmlI, for 4 h at 
35°C; this process excised the gus reporter gene (2123 bp) from the vector backbone (9799 
bp). The vector backbone was purified using a QIAquick® Gel Extraction Kit (QIAGEN) and then 
suspended in 60 µL of nuclease free water. The minD gene was amplified from plasmids 
constructed by Dr Chikkala (see 2.2.1 and Appendix A1) (Chikkala, Nugent et al. 2012). 
Amplification introduced a PmlI restriction enzyme site at the 3’ end of the minD gene. The 
amplified gene was digested with 10 U of restriction enzymes, NcoI and PmlI, for 4 h at 35°C, 
after which the digested product was purified using a QIAquick® Gel Extraction Kit (QIAGEN). 
The pCAMBIA1305.2 (NcoI/ PmlI) vector and minD gene (NcoI/ PmlI) were ligated overnight 
at 4°C using T4 ligase (Invitrogen). The ligated pDNA was transformed into chemically 
competent TOP10F’ cells as previously described (see 4.2.6). Transformed cells were grown 
overnight at 35°C on LB medium supplemented with 50 mg L-1 kanamycin. The CAMv35s 
promoter: minD gene was amplified to confirm positive colonies, using the primers, CAMv35s 
forward [GACAGTAGAAAAGGAAGGTGC] and minD reverse 
[CACGTGAGATTAGCCGCCAAAGAAA]. Positive transformed plasmids were termed pNAV358.  
Two micrograms of the pNAV358 was digested with 20 U of the restriction enzymes, XbaI and 
NcoI, for 4 h at 35°C to excise the CAMv35s promoter (819 bp). The pNAV358 vector backbone 
was purified using QIAquick® Gel Extraction Kit (QIAGEN), then ligated with the rbcS promoter 
fragment (XbaI/ NcoI) using T4 ligase (Invitrogen) overnight at 4°C. Ligated reactions were 
transformed into chemically competent TOP10F’ cells as previously described (see 4.2.6). 
Colonies were grown overnight (see 4.2.6). Plasmids were extracted using Wizard® Plus SV 
Minipreps DNA Purification System (Promega), and the rbcS promoter:minD gene was 
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amplified using the forward [GATCATCTAGAGAAGAAAGTTAAG] and reverse 
[GGGCCATGGCTACTTCTTCTTCCTTCTCTT] primers. Positive transformed plasmids were 
termed pNAV359.  
4.2.9  Transformation of Agrobacterium strain AgL-1 with pNAV plant transformation 
vectors 
A. tumefacien cells, strain AgL-1, were thawed on ice for 5 min before adding 500 pg of pDNA 
(pNAV312 or pNAV359) and mixed for 5 min. Cells were electrophoresed in cuvettes 
containing a 0.2 cm gap (Bio-rad Laboratories Inc. #165-2086) at 2.50 kV using a Gene Pulser 
Electroporation System (Bio-rad Laboratories Inc.). Transformed cells were then incubated for 
2 h at 150 rpm and 28°C in 1mL LB broth supplemented with 50 mg L-1 kanamycin and 30 mg 
L-1 rifampicin. Cells were then plated on LB agar containing 50 mg L-1 kanamycin and 30 mg L-1 
rifampicin and incubated at 28°C for 3 d. The promoter and minD gene were amplified; 
confirming transformed cells (see 4.2.7). Positive colonies were isolated and grown overnight 
at 28°C in 25 mL LB broth containing 50 mg L-1 kanamycin and 30 mg L-1 rifampicin, mixing the 
broth at 200 rpm. Transformed cells were tested in agroinfiltration experiments (see 4.2.10). 
4.2.10 Testing the pNAV312 via agroinfiltration of N. benthamiana leaves  
N. benthamiana leaves positioned at the top, middle and lower portion of the plant were 
infiltrated with cultured AgL-1 cells housing the pNAV312 (see 4.2.9). Leaf position 
represented different stages of leaf development and 3 leaves were randomly selected for 
infiltration at each level. Cultures were centrifuged at 5,500 x g for 15 min at 4°C, the LB broth 
removed, and the cells suspended in sterile water. Cultures were diluted to an OD600 of 0.5 
and then infiltrated into the abaxial side of N. benthamiana leaves. Leaves were then analysed 
for GUS activity (see 4.2.12). As a negative control leaves were infiltrated with sterile water, 
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and as a positive control, leaves were infiltrated with the pCAMBIA1305.2 following a strategy 
as per a previous published protocol (Ma, Lukasik et al. 2012). 
4.2.11 Stable transformation of N. tabacum and B. oleracea plant material with gus 
expression vectors 
N. tabacum leaves were excised from shoots grown on MS medium supplemented with 3% 
(w/v) sucrose, 0.2% (v/v) PPM, pH 5.8, and maintained in vitro under a 16 h photoperiod. 
Petioles and mid veins were removed from leaves and the laminas cut into 5 mm² explants, 
which were then placed into petri dishes (90 x 25 mm). 
A. tumefaciens strain AGL-1 containing the pNAV312 was prepared in 5 mL LB medium with 
50 mg L-1 kanamycin and 30 mg L-1 rifampicin and grown overnight at 28°C with shaking. 
Cultures were then centrifuged at 5000 x g for 5 min at 4°C, diluted to an OD600 of 0.3- 0.4 in 
sterile water with 100 µM acetosyringone added. Prepared leaf explants were submerged in 
the diluted A. tumefaciens culture for 15 min, after which excess culture solution was 
removed, and the explants transferred to regeneration medium (MS medium with 3% (w/v) 
sucrose, 0.1 mg L-1 NAA and 1.0 mg L-1 BAP, 4 g L-1 Gellan Gum Powder CulturegelTM 
(PhytoTechnology), pH 5.8) in petri dishes (90 x 15 mm) and cultured under a 16 h photoperiod 
for 2-3 d. Explants were then transferred to selective medium (regeneration medium 
supplemented with 30 mg L-1 hygromycin, 300 mg L-1 timentin and 0.2% (v/v) PPM) in petri 
dishes (90 x 15 mm), and cultured for 5-8 weeks. Explants were subcultured every 2-3 weeks 
until shoots regenerated. Putative transformed shoots were excised from explants and 
cultured on MS medium supplemented with 3% (w/v) sucrose, 30 mg L-1 hygromycin, 300 mg 
L-1 timentin, 0.2% (v/v) PPM, 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology), pH 
5.8. A single leaf was excised from shoots and analysed for GUS expression.  
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4.2.12 Histochemical and fluorometric analysis 
Histochemical analysis provided information of GUS activity in putative transgenic shoots. X-
Gluc (5-bromo-4-chloro-3-indolyl-β -ᴅ-glucuronide, cyclohexylammonium salt) solution was 
added to dissected leaves and incubated at 37°C overnight in the dark (Stomp 1992). Leaves 
were bleached after incubation with 70% ethanol for 1-2 d. 
Fluorometric analysis involved the preparation of plant leaf extracts homogenised in GUS 
extraction buffer [0.1 M NaPO4 pH 7.8, 1% (v/v) Triton® X·100, 2 mM EDTA, 1 mM DTT] and 
left on ice for 10 min. Samples were then centrifuged at 16000 x g for 10 min and the 
supernatant collected in a fresh tube. To decrease background fluorescence, an aliquot of 50 
µL from a 10x diluted sample was added to replicate wells in a 96-well microtitre plate and 
incubated at 55°C for 30 min. Ten microliters of 4-methylumbelliferyl β-D-glucuronide (MUG) 
[10 mM] was added to each well and incubated for 1 h at 37°C in the dark. The reaction was 
stopped by adding 240 µL of sodium carbonate [200 mM]. The fluorescent product 4-
methylumbelliferyl (4-MU) was then measured at 365 nm (emission) and 460 nm (excitation) 
using a POLARstar Omega Fluorescence Microplate Reader (BMG Labtech). The amount of 4-
MU in each well was determined over time (1-4 h) and extrapolated from a 4-MU standard 
curve (0 to 500 nM). The values were transposed as nmol 4-MU min-1 µg of protein-1.  
4.2.13 Transformation of B. oleracea hypocotyls with pNAV359 
B. oleracea var. botrytis seeds were sterilised in 70% (v/v) ethanol for 1 min, then washed in 
10% (v/v) sodium hypochlorite for 10 min. Seeds were rinsed three times in sterile Milli-Q 
water for 5 min, before being embedded in 2.15 g L-1 MS Basal Salt mixture (PhytoTechnology 
Laboratories®) with 3% (w/v) sucrose, 0.2% (v/v) Plant Preservation Mixture (PPM) 
(PhytoTechnology Laboratories®), 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology) 
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at a pH 6.0. Seeds were germinated under a 16 h photoperiod (25 µmol m-1 sec-1) for 7 d. 
Hypocotyl explants were excised from seedlings > 10 mm in height. 
Overnight cultures of AGL-1 strains harbouring pNAV359, were diluted to an OD600 of 0.4–0.6. 
Ten-millimetre hypocotyl explants were removed from seedlings, a longitudinal excision 
made, and the explants suspended in Agrobacterium solution for 15–20 min in the dark with 
periodic shaking. Excess solution was removed, and the hypocotyls transferred to medium 
containing 4.4.3 g L-1 MS basal salts with 3% (w/v) sucrose, 23.5 µM AgNO3, 0.2% (v/v) PPM, 1 
µM thidiazuron (TDZ), and 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology), pH 6.0, 
and cultured for 4 d under a 16 h photoperiod (25 µmol m-1 sec-1). Hypocotyls were then 
transferred to medium supplemented with 15 mg L-1 hygromycin, 300 mg L-1 timentin and 
0.2% (v/v) PPM, pH 6.0, and incubated under a 16 h photoperiod (25 µmol m-1 sec-1) for 12 d. 
After 10 d somatic embryos appeared on hypocotyl explants, which were then transferred to 
a MS medium with 3% (w/v) sucrose, 23.5 µM AgNO3, 17 µM 6- Benzylaminpurine (BAP), 15 
µM 1-Naphthaleneacetic acid (NAA), 15 mg L-1 hygromycin, 300 mg L-1 timentin, 0.2% (v/v) 
PPM and 4 g L-1 Gellan Gum Powder CulturegelTM (PhytoTechnology), pH 6.0, and cultured for 
7 d under a 16 h photoperiod (25 µmol m-1 sec-1). After 7 d the somatic embryos were cultured 
in vented glass jars in MS basal salts medium supplemented with 0.1 µM ABA, 23.5 µM AgNO3, 
15 mg L-1 hygromycin, 300 mg L-1 timentin, 0.2% (v/v) PPM, 4 g L-1 Gellan Gum Powder 
CulturegelTM (PhytoTechnology), pH 6.0, and grown under 25 µmol m-1 sec-1 light with a 16 h 
photoperiod. Mature in vitro plants regenerated within 3 months from the time of 
germination. 
4.2.14 Histology of B. oleracea var. botrytis somatic embryos   
Somatic embryos (2-week-old) were collected in Optical Cutting Temperature (OCT) Tissue-
Plus® (Scigen) embedding medium and frozen at -20°C. Cross- and transverse slices were 
 110 | P a g e  
 
micro sectioned (20–40 µm) from the embedded embryos using the LEICA CM1900 cyrostat. 
Sections were mounted on glass slides at room temperature and stained with Toluidine blue 
for 3-5 min. Samples were then rinsed with Milli-Q® water and viewed through a compound 
Leitz DM2500 epiflourescence microscope (LEICA, Germany). Somatic embryos were 
confirmed by the presence of a separate epidermal wall and non-continual vascular tissue. 
4.2.15 Statistics and data analyses  
Statistical analyses were carried out using GraphPad Prism® 7 software Inc. Data was subject 
to the D’Agostino and Pearson normality test (D'Agostino, Belanger et al. 1990) and compared 
by one-way ANOVA where applicable (otherwise non-parametric Kruskal- Wallis) and Dunns’ 
multiple comparisons (Dunnett 1955) against a p-value <0.01 (*), < 0.05 (**), <0.001 (***) and 
<0.0001 (****).
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4.3 Results 
4.3.1 The appearance of somatic embryos on hypocotyl tissue of B. oleracea var. botrytis 
Somatic embryogenesis occurred predominantly along the exposed stele cell layers, on the 
lacerated hypocotyl sections, which were cultured on medium supplemented with TDZ (Figure 
17A). The proliferation of the somatic embryos and calli increased when the hypocotyl tissues 
were transferred to medium supplemented with high concentrations of BAP (20 µM) and NAA 
(15 µM) (Figure 17B), however, prolonged exposure to the hormones inhibited additional 
embryo development.  
Multiple stages of development of the primary somatic embryos were observed on the 
epidermal and sub epidermal layers of the hypocotyl tissue by 12 d (Figure 17C-F). Somatic 
embryos were verified by the presence of two distinct dermal cell layers that separated the 
embryo from the hypocotyl tissue, vascular tissue separate from the hypocotyl (Figure 17D), 
and the development of the root apical meristem (RAM) (Figure 17D) and shoot apical 
meristem (SAM) (Figure 17F). Embryos were classified as one of four distinct stages: firstly, 
sub epidermal development of the globular stage where the protoderm is partially 
differentiated at the base of the embryo (Figure 17C), then followed by heart-shaped (Figure 
17D), followed by torpedo-shaped (Figure 17E) and finally the elongation of the cotyledon 
stages (Figure 17F). The leaf primordium cell layers were observed as early as the torpedo 
development stage but were more apparent upon elongation of the embryo during the 
cotyledon development stages.  
Recurrent or secondary embryos developed at the base of the primary embryos (Figure 18D) 
and continued to develop once primary embryos were subcultured. Recurrent embryos have 
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been seen in cauliflower and cabbage (Siong, Taha et al. 2011, Pavlović, Vinterhalter et al. 
2013), and provided potential for a significant number of regenerated plants.   
Development of the embryo structures was normal, as seen when the hypocotyl and meristem 
regions proliferated into immature plant tissue, such as roots and shoots (Figure 18). Thus, 
plantlets were defined where the RAM (Figure 18A-B) and SAM (Figure 18C) had developed 
into the primary root and shoot. On these plantlets, secondary embryos notably formed at 
the base (Figure 18D).   
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Figure 17: Somatic embryo development on the hypocotyl tissue of B. oleracea var. botrytis 
cultured on medium supplemented with TDZ for 7 d (A) and then BAP/ NAA for 7 d (B). 
Stages of somatic embryogenesis at 14 d: globular (C), heart (D), torpedo (E) and cotyledon 
(F). Abbreviations: cotyledons (c), protoderm (p), shoot apical meristem (SAM) and root 
apical meristem (RAM). The scale bar is 5 mm in (A) and (B). 
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Figure 18: Maturation of somatic embryos into plantlets (red) after 4 weeks. Plantlets were defined once roots had formed at the RAM (A & B) and once 
true leaves had developed from the SAM (C). Secondary somatic embryos (D) were noted and increased regeneration of additional plantlets. 
Abbreviations: root apical meristem (RAM), secondary somatic embryo (2° SE) and shoot apical meristem (SAM). Scale bar is 5 mm. 
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During regeneration, the total number of somatic embryos per hypocotyl explant were 
collected (Table 6). Sample sizes of 157 hypocotyl segments were isolated from 88% of the 
germinated B. oleracea var. botrytis seedlings, of which were then transferred to somatic 
embryo induction medium. After 7 d incubation on the medium supplemented with TDZ 18% 
of the hypocotyl explant had signs of somatic embryogenesis, of which the average number 
of embryos per hypocotyl explant was 6±0.33 (Table 6). The hypocotyl segments were then 
transferred to medium containing BAP and NAA, and within 7 d of the explant being 
transferred to, the number of somatic embryos per explant increased to 8±0.19. Additionally, 
the percentage of explants that developed somatic embryos, increased by 55% when cultured 
on medium supplemented with BAP and NAA (Table 6). However, the primary embryos 
swelled substantially within 7 d of culture on the BAP and NAA supplemented medium (Figure 
18B), which decreased the regeneration potential of surrounding embryos. The total number 
of embryos regenerated per explant exceeded 150, which was a 5-fold increase per explant 
when cultured initially on medium containing only TDZ. 
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Table 6: Treatment conditions for the germination of B. oleracea seeds, isolation of hypocotyls and induction of somatic embryos per hypocotyl 
explant. After germination on MS basal medium the seedlings were transferred to somatic embryo induction medium containing TDZ for 7 d and 
the total percentage of embryo induced per hypocotyl and average number (±S.E.) of embryos per hypocotyl explant calculated. The hypocotyl 
tissue was then transferred to embryo maturation medium supplemented with BAP and NAA and grown for an additional 7 d. The total percentile 
of hypocotyls that developed somatic embryos and the average number of somatic embryos (±S.E.) per hypocotyl were calculated. 
Treatment 
MS basal salts medium 
Somatic embryo induction medium 
(MS basal salts medium with TDZ) 
Embryo maturation medium 
(MS medium with BAP + NAA) 
Seeds germinated 
(%) 
Hypocotyls isolated 
from seedlings 
(%) 
Hypocotyls that 
developed somatic 
embryos 
(%) 
Average number of 
somatic embryos per 
hypocotyl explant 
± S.E. 
Hypocotyls that 
developed somatic 
embryos  
(%) 
Average number of 
somatic embryos per 
hypocotyl explant 
± S.E. 
88 70 18 6±0.33 73 8±0.19 
 
 117 | P a g e  
 
4.3.2 Characterisation of the novel rbcS promoter for the expression of genes in B. 
oleracea var. botrytis 
High frequency somatic embryogenesis from the hypocotyl tissue of B. oleracea var. botrytis 
was developed for transformation and screening of plantlets for the expression of genes 
under the regulation of a native RubisCo SSU promoter (rbcS) isolated from B. oleracea var. 
botrytis. This approach was favoured over using a stronger constitutive promoter that may 
lead to adverse side effects in the plant. 
4.3.2.1 Promoter motifs identified in the rbcS promoter sequence 
Regulatory elements important for the function of the 892 bp promoter fragment were found 
using the program, TSSP (see 4.2.5). In addition to the regulatory elements, putative 
transcription start sites within the promoter sequence were identified using the program, 
NSITE-PL (see 4.2.5). The programs identified thirty-one different regulatory elements along 
the promoter sequence that included two TATA boxes at positions -725 and -137 bp, two 
tentative transcription start sites located at positions -711 and -117 bp, and 33 transcription 
factor binding sites (Figure 19), which included several cis-acting elements involved in light 
regulated gene expression such as, the I-box and G-box regions (Figure 19 & 20). Not 
highlighted in the section of promoter sequences, but present upstream, were the GT-1 and 
CAAT-box motifs, commonly found in rbcS promoters (Mukherjee, Stasolla et al. 2015).  
To distinguish between the two putative transcription start sites located near a TATA-box 
(Figure 19), the 892 bp promoter sequence was compared with the rbcS promoter sequence 
from B. rapa (Anisimov, Koivu et al. 2007) (Figure 20), which identified an homologous 263 bp 
region between the promoters sequences and identified the more likely transcription start 
site (Figure 20).  
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Figure 19: The rbcS promoter sequence from B. oleracea var. botrytis. Highlighted are the 
key regulatory elements: the AT-1 (red) Box II (grey- TGGGCT), G-box (light blue) and Box III 
(Anisimov et al. 2007) (light blue bold within G-box motif), GATA-box (teal) (in part with I-
box- GATA), Box III (blue- AAGATAAGA), I-box (pink) (joins in part with GATA-box-GATAAG), 
TATA-box (yellow) and the tentative transcriptional start sites (green). 
 
 119 | P a g e  
 
 
Figure 20: Comparative sequence alignment between the rbcS promoter fragment from B. oleracea and the rbcS promoter from B. rapa. 
Highlighted are the key regulatory elements: Box II (grey- TGGGCT), GATA-box (teal) (in part with I-box- GATA), Box III (blue- AAGATAAGA), I-box 
(pink) (joins in part with GATA-box- GATAAG), G-box (light blue) and Box III (Anisimov et al. 2007) (light blue CATTTTCA), TATA-box (yellow) and 
the transcriptional start site (green). 
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4.3.2.2 Construction of the expression vector pNAV312, containing the new rbcS promoter  
The 892 bp rbcS promoter fragment that was isolated from B. oleracea var. botrytis was cloned 
in place of the lacZ operon and CAMv35S promoter (786 bp) in the pCAMBIA1305.2 vector. 
The 892 bp amplified product, confirmed positive cloning of the promoter sequence into the 
pCAMBIA1305.2 vector. When digested with the restriction enzymes XbaI and NcoI, an 843 
bp product indicated the correct orientation of the promoter fragment within the vector. 
Plasmids that were confirmed by both PCR and restriction enzyme digestion were termed 
pNAV312, which was then transformed into Agrobacterium strain AGL-1 for transformation 
and characterisation of gus expression in N. tabacum (see 4.3.2.4). 
4.3.2.3 Functional analysis of the rbcS promoter fragment via agroinfiltration  
The efficiency of the 892 bp rbcS promoter fragment to regulate expression of gus was tested 
via measuring the amount of substrate hydrolysed by the translated protein, GUS, in the 
mesophyll cells of N. tabacum (Figure 21A). The amount of fluorescent activity from the 
protein was also assessed over 4 h (Figure 21B). The analyses were used as an indirect 
measure of gus that is expressed by the 892 bp rbcS promoter fragment and compared with 
the constitutive CAMv35S promoter (Figure 21).  
The amount of hydrolysed substrate, 4-Methylumbelliferyl-β-D-glucuronide (MUG), was 
significantly less in samples that were transiently expressing the pNAV312 expression cassette 
(Figure 21), however, the data provided evidence that the 892 bp rbcS promoter fragment 
could regulate expression of gus in plant tissue, and that the activity of the GUS protein was 
shown to increase with time (Figure 21B). As the 892 bp rbcS promoter fragment was shown 
to be functional via transient expression assays, the pNAV312 transformation vector was then 
transformed into N. tabacum to assess the activity of the promoter fragment when integrated 
into the plant nuclear genome. 
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Figure 21: The amount of hydrolysed MUG and fluorescence intensity emitted from the 
reporter GUS protein when transiently expressed by the rbcS promoter. Analyses compared 
different plant expression vectors, pNAV312 and pCAMBIA1305.2. The mean hydrolyse 
MUG (nmol MUG hydrolysed ug protein-1) was calculated from 2 independent trials (±S.E.) 
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analysing different leaf positions on the plant (A). Significant differences when p<0.01. 
Additional activity of each promoter was analysed by calculating the mean (±S.E.) 
fluorescence intensity emitted from the hydrolysis of MUG via expression of gus over 4 h 
from time zero of the reaction (B). Significant differences indicated (a, b or c) when 
p<0.0001. 
4.3.2.4 Functional analysis of the rbcS promoter fragment in nuclear transformed N. 
tabacum 
Several transgenic plants were established with the pNAV312 expression vector. Expression 
of the protein GUS was confirmed by the appearance of the blue indole colour in N. tabacum 
leaves incubated overnight in the X-Gluc substrate solution (Figure 22). GUS activity regulated 
by the 892 bp rbcS promoter fragment was concentrated in the vascular tissue (Figure 22B), 
but when GUS was expressed by the constitutive CAMv35S promoter, GUS activity was 
observed in the mesophyll and vascular tissue (Figure 22C). The observations confirmed 
expression of gus via the 892 bp rbcS promoter. This promoter fragment was then cloned into 
a new expression vector for the transformation of B. oleracea var. botrytis.
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Figure 22: Comparison of GUS expression in non-transformed and transformed N. tabacum leaves with the pNAV312 or pCAMBIA1305.2 
expression vector. GUS activity was absent in non-transformed WT (A), concentrated in the vascular tissue of transformed leaves with the 
pNAV312 expression vector (B), and abundant in the mesophyll and vascular tissue of transformed leaves with the pCAMBIA1305.2 expression 
vector (C). Observations were consistent across 3 independent non-transformed and 6 independent transformed lines with pNAV312 and 
pCAMBIA1305.2 N. tabacum plants. Scale bar is 5 mm.
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4.3.3 Generation and characterisation of B. oleracea var. botrytis plants with a macro 
chloroplast morphology 
4.3.3.1 Cloning the rbcS promoter fragment into the pNAV359 expression vector  
The pCAMBIA1305.2 expression vector was digested with the restriction enzymes NcoI and 
PmlI, which excised the gus gene that was later replaced with an amplified copy of the minD 
gene (Appendix A1). The resultant intermediate plasmid was termed pNAV358. 
The functional 892 bp rbcS promoter fragment from pNAV312 was spliced into the pNAV358 
vector via digestion with the restriction enzymes XbaI and NcoI that excised the CAMv35S 
promoter, upstream of the minD sequence (Figure 23). The resultant expression vector was 
termed pNAV359 and used for transformation of B. oleracea var. botrytis hypocotyls. 
4.3.3.2 Analysis of pNAV359 transformed B.oleracea var. botrytis  
Regenerated plantlets transformed with pNAV359 were analysed for the presence of the 
selectable marker, hygromycin phosphotransferase (hptII gene), and also the minD gene, 
regulated by the rbcS promoter (Figure 24). Amplification of the region spanning from the rbcS 
promoter to the nos polyA terminal sequence confirmed insertion of the expression cassette 
(Figure 24) in putative transformed B. oelracea var. botrytis plant genomes. Size of the 
expression cassette was confirmed by comparison with the amplified cassette in the pNAV359 
plasmid. A native actin gene in B. oleracea was amplified as a reference gene to ensure the 
integrity of the isolated DNA.
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Figure 23: Plasmid map of pNAV359. 
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Figure 24: Confirmation of the rbcS/minD expression cassette from the pNAV359 transformed into B. oleracea var. botrytis plant genomes compared to 
non-transformed WT. The B. oleracea actin gene was amplified as a standardised control for DNA integrity. Amplification of the hptll gene confirmed 
incorporation of the selectable marker from the pNAV359 expression cassette, while amplification of the rbcS promoter fragment through to the nos polyA 
terminal expression cassette (1523 bp) confirmed the inserted copy of the minD gene. Plasmid only control indicated by “pNAV359” and a no template 
control (NTC).
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Despite the additional copy of the minD gene, there was no observed difference in the growth 
of the plant phenotype between pNAV359 transformed and non-transformed plantlets 
(Figure 25). Somatic embryos developed bilaterally into plantlets with a SAM and RAM by 4 
weeks, followed by proliferation and vegetative growth by 8 weeks. A total of 7 plants were 
cultured and remained viable when subculture every 4 weeks, with no significant sign of 
stunted growth or early senescence. 
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Figure 25: Growth of non-transformed WT and pNAV359 transformed B. oleracea var. botrytis plantlets after 8 weeks. Normal variation in the growth of 
non-transformed and transformed plants was observed with no signs of detrimental growth. Scale bar is 15 cm.
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The chloroplast morphology was characterised using microscopy that examined in vivo 
chloroplasts (Figure 26) Chloroplasts were few in the mesophyll cell layer and 2–10 folds larger 
than non-transformed WT chloroplasts (Figure 27). Due to the constraint of time, a sample 
consisting of three plants from the population of pNAV359 transformed plants were randomly 
selected and characterised further; the chloroplast morphology was examined (Figure 27) and 
the chloroplast size distribution recorded (Figure 27J). There was a significant difference 
(p<0.0001) in the mean size of the chloroplasts between non-transformed WT (3.44 µm) and 
transformed pNAV359 plants, of which the mean chloroplast size ranged from 8.08-13.94 µm. 
There was also a significant variation (p<0.01) in the mean chloroplast size between two 
pNAV359 transformed plants (Figure 27J). The maximum recorded size of the non-
transformed WT chloroplasts (3.93 µm) were smaller than the minimal recorded sizes of the 
pNAV359 transformed plants; pNAV359 (1) at 6.53 µm, pNAV359 (2) at 4.04 µm and pNAV359 
(3) at 4.70 µm. The largest chloroplast sizes between the pNAV359 transformed plants ranged 
from 16.48-28.75 µm (Figure 27J). 
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Figure 26: An example of macro chloroplast morphologies in intact mesophyll cells of 
pNAV359 transformed plantlet. Scale bar is 50 µm.
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Figure 27: Distribution of chloroplast sizes for non-transformed WT (A) and pNAV359 
transformed B. oleracea var. botrytis plantlets (B-I). Chloroplast morphologies were 
recorded from three randomly selected independent pNAV359 transformed plantlets: 
pNAV359 (1) (B-D), pNAV359 (2) (E-G) and pNAV359 (3) (H & I). Variation in the size and 
distribution of the macro chloroplast morphology was observed within each transformed 
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line, with the larger morphologies indicated by red circles. Scale bar is 50 µm. The 
distribution of chloroplast sizes for non-transformed WT and pNAV359 transformed 
plantlets (J), where n=30. Significant differences tested via Dunn’s multiple comparisons of 
means (non-parametric) and indicated (a, b or c) when p< 0.01 or p<0.0001.
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4.4 Discussion 
In addition to minor advances with regenerating cauliflower or related Brassica crops (Pareek 
and Chandra 1978, Leroy, Leon et al. 2000, Qin, Li et al. 2007, Chikkala, Nugent et al. 2009, 
Yang, Seong et al. 2009, Siong, Taha et al. 2011, Pavlović, Vinterhalter et al. 2013, Gaur and 
Srivastava 2017), the current research aimed to develop a high output and rapid procedure 
for deriving in vitro cauliflower plants via somatic embryogenesis. Most importantly, this 
procedure helped establish a transformation method for the recovery of plant material 
housing a novel rbcS promoter driven expression cassette. Recovered plants were 
characterised for the presence of enlarged chloroplasts as evidence of the expression of the 
minD transgene, regulated by the 892 bp rbcS promoter fragment. This provided new 
information for future biotechnological applications with this variety involving different 
chloroplast morphologies and expression of transgenes by a light-induced promoter. 
4.4.1 High frequency regeneration of B. oleracea var. botrytis plants via somatic 
embryogenesis from hypocotyl explants  
The work reported in this chapter shows for the first time a high frequency production of B. 
oleracea var. botrytis somatic embryos from hypocotyl explants (Table 6). Collectively, more 
than 900 embryos from 114 explants were observed, not including smaller or secondary 
embryos that contributed to over 10 embryos per explant. Important was the simplicity of this 
procedure, the short time for embryo production and the potential for the recovery of plants 
after transformation. Whilst the regeneration protocol could be used simply for commercial 
micropropagation of cauliflower or for the incorporation of multiple different genes, the 
procedure was used for the recovery of plants that contained additional expressed minD 
genes. The current example revisited previous research (Chikkala, Nugent et al. 2009, 
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Chikkala, Nugent et al. 2013) as an alternative to protoplast culturing that yielded single plants 
after periods of 6- 12 months. By contrast, the current procedure yielded plants within 2-3 
months.  
The use of hypocotyl tissue is of itself not novel (Pareek and Chandra 1978, De Block, De 
Brouwer et al. 1989, Leroy, Leon et al. 2000, Siong, Taha et al. 2011, Pavlović, Vinterhalter et 
al. 2013, Gaur and Srivastava 2017), however, the short induction time and the number of 
embryos regenerated per explant, in the current study, highlighted specific advances 
compared to previous protocols. In an earlier publication, the number of embryos per explant 
regenerated using 2,4 D and kinetin was 49 embryos from 179 calli (27%) (Leroy, Leon et al. 
2000), by contrast, the present study recorded 18% of hypocotyls with somatic embryos 
induced within 7 d that resulted in a total of 73% of explants with embryos by 14 d. The 
previous authors produced somatic embryos indirectly as compared to direct somatic 
embryogenesis in the present work. That said, the first report of direct somatic embryogenesis 
from B. oleracea var. botrytis hypocotyl reported an average of 14-19 embryos per explant 
(Siong, Taha et al. 2011) compared to the reported 8 per explant in the current study. 
However, embryo induction took 5 weeks (Siong, Taha et al. 2011) compared to 7 d as 
demonstrated in the present work, and previous embryo development ceased at the globular 
stage by 6-7 weeks (Siong, Taha et al. 2011). This suggested that embryos subsequently did 
not all mature compared to the successful maturation of embryos within 2 months reported 
herein.  
Under the right conditions the hypocotyl tissue, specifically the stele regions on the inner 
epidermal layers, can be programmed to respond in a similar manner as embryonic tissue. 
The phenomenon of somatic embryogenesis in cauliflower arguably occurs more readily from 
embryonic tissue (Pavlović, Vinterhalter et al. 2013). In a previous publication, a high ratio of 
somatic embryos (89%) has been reported using embryonic tissue, specifically from selected 
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zygotic embryo donor plants (Pavlović, Vinterhalter et al. 2013). By contrast, 73% of 
hypocotyls with embryos were induced by 14 d in the current study, compared to the reported 
89% by 15 d (Pavlović, Vinterhalter et al. 2013). However, the previous publication required 
an 8 month period for the gestation of zygotic embryo donor plants, on top of the 15 d 
induction period for the somatic embryos (Pavlović, Vinterhalter et al. 2013). By contrast, the 
protocol in the current research required 7 d for seed germination, 14 d for somatic embryo 
induction with and an additional month for maturation of the embryos. In summary, the 
current procedure for induction of somatic embryogenesis was favourable over embryonic 
tissue (Pavlović, Vinterhalter et al. 2013).  
The somatic embryogenesis pathway may result in secondary or recurrent embryogenesis as 
a reflection of embryonic capacity, leading to a limitless supply of propagated plants (Siong, 
Taha et al. 2011, Pavlović, Vinterhalter et al. 2013, M, HZ et al. 2018). Although the embryonic 
capacity of cauliflower was not directly examined here, the appearance of small secondary 
embryos developing after primary embryos before and immediately after isolation, suggested 
that cauliflower is more amenable to somatic embryogenesis than originally thought. The 
induction of secondary embryos is thought dependent on explant and additional culture steps 
required for maturation. Similar reports have observed the occurrence of secondary embryos 
in cauliflower (Siong, Taha et al. 2011, Pavlović, Vinterhalter et al. 2013), with recent advances 
in the micropropagation of somatic embryos (M, HZ et al. 2018). Collectively, several pathways 
now exist that demonstrate the amenable nature of cauliflower somatic embryogenesis in 
vitro. 
In many plant species the use of PGRs are required to elicit specific developmental pathways 
such as somatic embryogenesis. In the current study, thidiazuron (TDZ) was used as an inducer 
of somatic embryogenesis from the totipotent stele regions of cauliflower hypocotyl. 
However, the same hormone more commonly induces cytokinin-like responses such as 
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adventitious shoots (Gaspar, Kevers et al. 1996). This more typical response has also been 
reported with the meristem regions of hypocotyl explants from cauliflower (Gaur and 
Srivastava 2017). Non-bipolar plants resulting from organogenesis from exposure to TDZ were 
not desired in this study, as organogenesis may result in mutations that affect plant 
morphology or genotype. The difference in response to TDZ observed in the present research 
and the work of Gaur and Srivastava (2017) may be influenced by the concentration of the 
hormone supplied or the concentration absorbed by the plant tissue. A similar concentration 
of TDZ was applied to explants in the current study with that of the previous publication that 
reported significant shoot proliferation (Gaur and Srivastava 2017), however, the horizontal 
placement and wounded margins that revealed multiple cell types within the epidermal layers 
of the hypocotyl, may have influenced hormone absorption efficiency and led to differences 
in response to TDZ. Although the explant type was the same, the importance of positioning of 
the explant in the medium for the induction of somatic embryogenesis from cauliflower has 
been discussed previously (Pavlović, Vinterhalter et al. 2013). A similar response to wounded 
tissue is observed in B. rapa ssp. pekinensis (Baskar, Gangadhar et al. 2016). The unexpected 
result from TDZ combined with explant position and wounding in the current research, 
highlighted the totipotency of this cultivar under specific conditions that can be adjusted for 
further improvements for in vitro micropropagation.   
In vitro propagation of somatic embryos can result in several morphological aberrations, such 
as not having two split cotyledons in dicots (Pareek and Chandra 1978). In the current work, 
embryo abnormalities such as fused cotyledons, swollen embryo hypocotyl and hardened 
epidermal cell layers, were noted following acclimation of the somatic embryos on BAP and 
NAA supplemented medium. A previous report has alluded to the abnormalities of somatic 
embryogenesis in cauliflower that included: 12% of embryos with multiple cotyledons, 3% 
with fused cotyledons and an additional 2.5% with unequal cotyledons (Leroy, Leon et al. 
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2000). These abnormalities occur where auxin distribution is altered during the development 
of the embryo from globular to heart stage, during which the cotyledon primordial ring 
determines bilateral or symmetrical separation (M, HZ et al. 2018). The growth abnormalities 
observed in the current study may have resulted from the excessive exogenous supply of BAP 
and NAA, combined with a prolonged maturation time on this medium that consequently 
altered hormone metabolism during primordial stages. Correct embryo maturation occurred 
when cultures were removed from excess plant growth regulators and supplemented with a 
low amount of ABA, as the hormone aids in embryo maturation (Gaspar et al. 1996; Leroy et 
al. 2000). 
4.4.2 The identification, characterisation and cloning of the rbcS promoter for cauliflower 
transformation 
Cauliflower somatic embryogenesis provided a novel and efficient procedure for the recovery 
of plants, from simple explants. Subsequently, the transformation of cauliflower hypocotyls 
with the new expression vectors was performed, building on previous works (Chikkala 2009, 
Chikkala, Nugent et al. 2013). 
For the first time, a rbcS promoter from B. oleracea var. botrytis was successfully cloned and 
characterised in N. tabacum and B. oleracea. The promoter sequence is an 892 bp fragment 
from a longer sequence, containing several significant regulatory elements required for 
biological function. Some putative tissue specific motifs (regulatory elements) included I- and 
G-boxes, were identified within -300 bp relative to the potential transcription start site 
(Nantel, Lafleur et al. 1991, Anisimov, Koivu et al. 2007, Wang, Li et al. 2013). The 892 bp rbcS 
promoter fragment contained these motifs within the first few hundred bp, and the G-box 
regions were homologous with those identified in Arabidposis thaliana, B. napus, Zea mays, 
N. tabacum, Antirrhinum majus and Pisum sativum. This was not unexpected, as comparative 
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analyses of several plant species (Outchkourov, Peters et al. 2003) and within the Brassica 
genus (Anisimov, Koivu et al. 2007), suggest the rbcS gene sequences were somewhat 
conserved. As such, the light responsive motifs: I-box, G-box, GATA- and GAG- motifs 
identified, were expected to promote high levels of gene expression in photosynthetic tissue 
as previously demonstrated in Brassica (Nantel, Lafleur et al. 1991, Anisimov, Koivu et al. 
2007), apple (Schaart, Tinnenbroek-Capel et al. 2011) or poplar (Wang, Li et al. 2013). 
Histochemical analysis of transgenic plants for GUS expression under the regulation of the 892 
bp rbcS promoter fragment showed GUS was not concentrated in light responsive tissue as 
expected, such as mesophyll cells, but Instead activity was concentrated in the vascular tissue, 
with higher activity in leaves positioned closer to the apical meristem. Thus, it was reasoned 
that this expression pattern reflected the motifs present in the 892 bp promoter sequence 
and tissue-selective motifs may be missing from the cloned promoter sequence, as the full 
promoter length may lie between 1.4–2 kb. In addition to the missing motifs, higher 
expression in the apical regions may be linked to cell density and not the activity of light 
stimulated motifs, as there were no significant differences between apical and lower leaf 
positions. 
In comparison to the constitutive promoter, the rbcS promoter fragment expression levels 
were almost 10-fold lower. Similar studies that have compared rbcS and CAMv35S promoter 
expression in apple reported lower transgene expression from light induced promoters 
compared to constitutively expressed promoters (Gittins, Pellny et al. 2000, Schaart, 
Tinnenbroek-Capel et al. 2011). However it has been reported that under specific 
circumstances, with regard to transcription co-factors and other regulatory elements, rbcS 
promoters may overexpress the target gene compared to constitutive promoter activity, such 
as the Chrysanthemum morifolium rbcS promoter that increased gene expression 8 fold in N. 
tabacum, compared to the CAMv35S promoter (Outchkourov, Peters et al. 2003). Their study 
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highlighted the significance of regulatory elements and co-factors required for optimal 
promoter function, but also illustrated how plant species and tissue type can influence 
promoter expression levels. It is possible that the function of the 892 bp rbcs promoter 
fragment may be improved by extension of the sequence via genome walking techniques; 
however, these technologies were inaccessible. Attempts to sequence additional promoter 
bp via inverse PCR were unsuccessful therefore the 892 bp promoter fragment was used in 
this study. 
The regulatory elements in the 892 bp promoter fragment were identified within 250 bp from 
the start codon.  This is a relatively short sequenced area compared to related rbcS promoter 
sequences (Nantel, Lafleur et al. 1991, Anisimov, Koivu et al. 2007, Wang, Li et al. 2013, 
Mukherjee, Stasolla et al. 2015). Promoter lengths between 200-2000 bp result in differences 
for accumulated protein, as shorter sequences lack both negative and positive motifs (Nantel, 
Lafleur et al. 1991, Anisimov, Koivu et al. 2007, Schaart, Tinnenbroek-Capel et al. 2011, Wang, 
Li et al. 2013). Aas promoter length increases, the number of motif duplicated events 
increases (Wang, Li et al. 2013). Promoter lengths greater than 1.6 kb that have been 
identified in B. napus and B. rapa yield the highest expression levels for transgenes (Nantel, 
Lafleur et al. 1991, Anisimov, Koivu et al. 2007). In principle, it was therefore assumed that 
the optimal promoter length from B. oleracea8 var. botrytis would be between 1.6-2 kb, based 
on the genetic similarities with B. napus and B. rapa. However, as previously mentioned, 
attempts to sequence additional bp of the promoter sequence was unsuccessful.  
4.4.3 Expression of the minD gene via the rbcS promoter in cauliflower results in macro 
chloroplast morphologies with no aberrant plant phenotype   
Integration of the rbcS expression cassette into the nuclear genome of B. oleracea var. botrytis 
resulted in 53% of plants regenerated via somatic embryogenesis being transgenic, with only 
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an additional 30% of plants incorporating only the selectable marker cassette and not the rbcS 
expression cassette. This was not unexpected, as nuclear recombination between the T-DNA 
border regions are prone to deletions, insertions and mutation events from plant host 
mechanisms (Kleinboelting, Huep et al. 2015). Nonetheless, the regeneration protocol 
implemented here, combined with the integrated rbcS expression cassette in B. oleracea 
successfully generated transgenic cauliflower. Furthermore, the regeneration frequency of 
positive transformation events (53%), was contrastingly higher than previously reported in B. 
oleracea (15-26%) (Radchuk, Ryschka et al. 2002, Bara ski and Puddephat 2004, Chikkala, 
Nugent et al. 2013), B. oleracea var. capitata or italica (10%) (Metz, Dixit et al. 1995), B. juncea 
(16%) (Bhuiyan, Min et al. 2011), and B. rapa (15%) (Baskar, Gangadhar et al. 2016).  
Expression of the rbcS cassette in B. oleracea resulted in macro chloroplast morphologies, 
without negatively impacting the plant phenotypes, as previously seen in N. tabacum (Chapter 
2). Chloroplast sizes observed in transformed B. oleracea were as large as 29 µm in diameter, 
smaller than the chloroplast morphologies produced by expression of the minD sequence 
under the regulation of the N. tabacum rbcS promoter in N. tabacum, which were larger than 
50 µm in diameter (Chapter 2). Therefore, expression of the different rbcS promoters in N. 
tabacum and B. oleracea is dependent on the plant species. For example, expression of the 
minD cassette, using the rbcS promoter from N. tabacum, does not produce macro 
chloroplasts in cauliflower (Chikkala, Nugent et al. 2009, Chikkala, Nugent et al. 2013). These 
morphology variations likely occurred due to differences in the efficiency of the different rbcS 
promoters; one from N. tabacum and one the other from B. oleracea. This suggested that, 
chloroplast morphology is similarly affected in cauliflower and tobacco, but this change is 
closely regulated by the expression of the division gene. A constitutive promoter, such as 
CAMv35S, would increase expression levels of the minD gene that may result in larger macro 
chloroplasts, however, constitutive promoters often cause toxic effects to plant phenotype 
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and metabolic function, via adverse expression levels of the transgene (Fujiwara, Yasuzawa et 
al. 2017).  
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4.5 Conclusion 
The research described in this chapter successfully developed and implemented an efficient 
protocol for the recovery of B. oleracea var. botrytis plants, via somatic embryogenesis from 
seedling hypocotyls. This protocol significantly shortened the in vitro regeneration time to 2-
3 months, from starting explant to vegetative plants, less than half the time required using 
alternative methods. In addition, this method was applied to recover transformed plants 
harbouring a novel rbcS expression cassette; an 892 bp rbcS promoter sequence isolated from 
B. oleracea var. botrytis that expresses a copy of the minD gene also from B. oleracea var. 
botrytis. This expression cassette conferred a chloroplast division fault, resulting in the 
formation of macro chloroplast morphologies. The different morphologies demonstrated for 
the first time the low-level function of the 892 bp rbcS promoter fragment expressing minD 
from the nuclear genome of B. oleracea cells. The chloroplast morphologies produced in this 
chapter have potential as superior candidates for future chloroplast transformation in B. 
oleracea var. botrytis. 
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CHAPTER 5  
FINAL REMARKS 
The research detailed in this thesis was an investigation into the effects on plant phenotype 
that result from changes in the chloroplast size and morphology, induced by the transgene 
expression of plastid division genes. The effects of the transgene expression were: 
• Changes in the chloroplast morphology and size affecting the plant multi-cellular 
processes.  
• Expression of different division proteins can result in different chloroplast 
morphologies. Additionally, expression of the same division protein between plant 
species can result in different chloroplast morphologies. 
• Protein-interactions with membrane surfaces are not completely understood and 
developing a detailed understanding of plastid division must consider how thylakoid 
separation occurs. This separation may involve the interaction between the 
membrane systems within the chloroplast with the plastid division proteins, and 
unique thylakoid morphologies may appear as a result of these interactions when 
levels of plastid division proteins are altered. 
The results presented in Chapter 2 detail the variety of chloroplast morphologies generated 
from the heterogeneous expression of ftsZ or minD plastid division genes in N. tabacum. 
Expression of either transgene resulted in changes in the relative levels of plastid division 
proteins, and that in turn altered plastid division. However, these changes did not inhibit 
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chloroplast expansion, resulting in the development of the macro chloroplast morphology in 
transformed plants. The phenotypes varied significantly between ftsZ and minD transformed 
plants. The enlarged chloroplasts contained thylakoid membrane structures that appeared 
similar to those generated during photomorphogenesis. Additionally, these enlarged 
chloroplasts also contained multiple honeycomb shaped grana, resembling thylakoids 
observed when plants are grown in a low light. This may be due to the immobility of the large 
chloroplasts and an inability to reposition toward light stimuli. Expression of the ftsZ transgene 
also resulted in chloroplasts with novel thylakoid membrane structures that tentatively 
suggest a downstream influence of FTSZ proteins on the formation and separation of thylakoid 
membranes. The formation of mini chloroplasts containing thinly stacked grana or thylakoid 
granum with no curvature, resulted in plant death. 
Analysis of peptides present or present at elevated levels in mini chloroplast plants were 
analysed via MALDI-TOF MS and this identified proteins that may be involved in modulating 
divisional, stress-related proteins and proteins involved in the auxin signal pathways (Table 3 
& 4). The changes in levels of DNAJ co-chaperones in combination with PME-1 in the mini 
chloroplast plant cells relative to WT non-transformed cells indicated that there appeared to 
be multi-level disruptions in mini chloroplast cells. Furthermore, in the mini chloroplast lines 
there appeared to be a deficiency in ABC G family transporters that are linked to deficient ABA 
modulation. Collectively, these data suggest that in mini chloroplast lines there is a breakdown 
of signal pathways involved in stress responses, which may in turn result in stunted growth 
and senescence-like traits in the whole plant. 
Chapter 3 further characterised the terminal plant phenotypes with mini chloroplast 
morphologies. Transcript abundance for several chloroplast encoded genes was significantly 
decreased in the mini chloroplast lines, likely preceding the downstream changes in leaf 
morphology and subsequent plant phenotype. One hypothesis is that feedback signalling 
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between the chloroplast and nucleus mediated a decrease in the expression of the PEP 
subunit genes, which in turn then correspondingly decreased expression of photosynthetic 
associated genes encoded in the plastome. 
The work described in Chapter 4 detailed efforts to expand on changing chloroplast 
morphology by transgene expression of plastid division genes that was previously confined to 
N. tabacum, into agronomical important plants, such as B. oleracea var. botrytis. The research 
aimed to generate plants with altered chloroplast morphology and compare the regulatory 
functions of the plastid division proteins between these two-plant species. The study 
successfully developed and implemented an efficient somatic embryogenesis protocol for the 
recovery of B. oleracea var. botrytis plants from seedling hypocotyls. This method was utilised 
for the regeneration of transformed plants that harboured a B. oleracea var. botrytis rbcS 
promoter fragment regulating an expression cassette with a copy of the B. oleracea var. 
botrytis minD gene, the expression of which resulted in plants with macro chloroplast 
morphologies. The presence of the altered chloroplast morphologies indicated that the 892 
bp rbcS promoter fragment did function and expressed in transgenic B. oleracea var. botrytis 
host plants. Notably the altered chloroplast morphology resulting from the expression of the 
minD gene under the regulation of the B. oleracea var. botrytis promoter, showed differences 
to those generated using N. tabacum as detailed in Chapter 2. 
The observations and results detailed in this thesis identifying changes to the transcript levels 
of chloroplast encoded genes in plants with altered chloroplast morphologies provided limited 
scope for detailed interpretation. Whilst providing some level of detail, more recent 
technologies that enable whole transcriptome analyses would certainly provide a clearer 
insight into changes in both nuclear and chloroplast gene expression patterns, because of 
altered chloroplast division protein levels in plants. The research in this thesis, whilst limited 
due to financial constraints at the time was able to examine gene expression patterns for a 
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small number of chloroplasts encoded genes that were affected by changes in the chloroplast 
morphology. Using Next Generation Sequencing technology and transcriptome analysis, the 
differences in gene expression patterns between plant species that have been transformed 
with the same plastid division gene, for example, N. tabacum and B. oleracea var. botrytis 
plants with the minD gene could have been compared and a much greater insight into changes 
in gene expression as a consequence of changes in expression of chloroplast division genes 
could have been obtained. 
Future work aiming to observe the protein-protein and protein-membrane interactions in the 
different chloroplast morphologies could also utilise immuno-TEM. A limitation of the current 
research was an inability to identify specific protein-protein or protein-membrane 
interactions within the different chloroplast morphologies containing altered thylakoid 
membrane structures. The technologies could help elucidate interactions between the plastid 
division proteins and any interactions with the membrane surfaces and provide further 
understanding of the molecular and biochemical changes in plants with different chloroplast 
morphologies. 
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APPENDICES 
Appendix A1 
 
Appendix A1: The pNAV60 (A) and pNAV61 (B) binary expression cassettes containing either 
the ftsZ (A) or minD (B) transgenes isolated from B. oleracea var. botrytis that were used for 
the transformation of N. tabacum to generate altered chloroplast morphologies. 
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Appendix A2 
 
Appendix A2: Expression of the ftsZ or minD transgene in transformed N. tabacum plants FtsZA1 and MindA1. Expression of the native Nicotiana ftsZ and 
minD genes (A) were confirmed in both the FtszA1 and MindA1 plants. Expression of the ftsZ transgene was confirmed in the FtszA1 plant and not the 
MindA1 plant, and expression of the minD transgene was confirmed in the MindA1 and not the FtszA1 or non-transformed WT plants as expected (B). 
Plants not included in the results of the study are labelled ‘n/a’. No template control (NTC) included. The pNAV60 and 61 included as a positive control. 
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Appendix B1 
Appendix B1: Annotated list of oligonucleotide sequences (primers) designed using Primer3 
software. The ‘Bo’ prefix is abbreviated for Brassica oleracea followed by ‘Act’ that is the 
abbreviation for the actin gene. The ‘RT’ prefix denotes primers used for qPCR that produce 
an amplicon <300 bp, followed by the ‘gene’ and the ‘direction’ of amplification. 
Annotated Oligonucleotides Sequence TM (°C) 
BoAct forward CCGAGAGAGGTTACATGTTCACCAC 59 
BoAct reverse GCTGTGATCTCTTTGCTCATACGGTC 59 
RT RpL25 forward TATGTGAGGTTGACTCCTGA 50 
RT RpL25 reverse ACGGAACAAAACTTGTCTCT 48 
RT psbA-B forward AGAGACGCGAAAGCGAAAG 51 
RT psbA-B reverse CTGGAGGAGCAGCAATGAA 51 
RT ndhH forward AATGCACGGTGTTCTTCGAC 52 
RT ndhH reverse TGCCTAATTGTTCGGGTCCA 52 
RT psaA forward CCCATCTCAACTGGGCATGT 54 
RT psaA reverse ACGGGAACTGCGAGCAAATA 52 
RT psaB forward GCCAGCCTCTTTCTGGGATT 54 
RT psaB reverse CAGCATTTAACCAACCCGGC 54 
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RT psbB forward GCGGTTGGATGGTTAGGACA 54 
RT psbB reverse CCGCCGTAGAACTCAACAGT 54 
RT psbC forward AGTGGCCCATTTCGTACCAG 54 
RT psbC reverse TTAGCCCCAAGACGTTGGTC 54 
RT rpoA forward AAGGCCAAGCCGACACAATA 52 
RT rpoA reverse ACCGATTCTTGAATGCCCGT 52 
RT rpoB forward AGCAAGGATATGGGCTCGTG 54 
RT rpoB reverse ATCGCCACCTACACAAGCAA 52 
RT rbcL forward AACAAGATCGAAGTCGCGGT 52 
RT rbcL reverse GCTAGTTCCGGGCTCCATTT 54 
RT RpoT2 forward AGCAGCAAAGGAGTATAAGG 50 
RT RpoT2 reverse TCAACAATCCCATCAACTTA 46 
RT RpoT3 forward TCAAAAACTCCCAAAAAGAT 43 
RT Rpot3 reverse TCAAGATTCTCATCAGTGGA 48 
rbcS forward GATCATCTAGAGAAGAAAGTTAAG 50 
rbcS reverse GGGCCATGGCTACTTCTTCTTCCTTCTCTT 63 
rbcS forward (promoter) GTAAAACGACGGCCAGT 50 
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M13 reverse CAGGAAACAGCTATGAC 44 
CAMv35s forward GACAGTAGAAAAGGAAGGTGC 52 
MinD reverse CACGTGAGATTAGCCGCCAAAGAAA 58 
 
